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ABSTRACT 
 
Kinetics of Anionic Surfactant Anoxic Degradation. (May 2010) 
Julianna Gisel Camacho, B.S., University of Puerto Rico; 
M.S., Texas A&M University 
Chair of Advisory Committee: Dr. Robin Autenrieth 
 
The biodegradation kinetics of Geropon TC-42
®
 by an acclimated culture was 
investigated in anoxic batch reactors to determine biokinetic coefficients to be 
implemented in two biofilm mathematical models.  Geropon TC-42
®
 is the surfactant 
commonly used in space habitation.  The two biofilm models differ in that one assumes 
a constant biofilm density and the other allows biofilm density changes based on space 
occupancy theory.    Extant kinetic analysis of a mixed microbial culture using Geropon 
TC-42
®
 as sole carbon source was used to determine cell yield, specific growth rate, and 
the half-saturation constant for S0/X0 ratios of 4, 12.5, and 34.5.  To estimate cell yield, 
linear regression analysis was performed on data obtained from three sets of 
simultaneous batch experiments for three S0/X0 ratios.  The regressions showed non-zero 
intercepts, suggesting that cell multiplication is not possible at low substrate 
concentrations.  Non-linear least-squares analysis of the integrated equation was used to 
estimate the specific growth rate and the half-saturation constant.  Net specific growth 
rate dependence on substrate concentration indicates a self-inhibitory effect of Geropon 
TC-42
®
.  The flow rate and the ratio of the concentrations of surfactant to nitrate were 
 iv 
the factors that most affected the simulations.  Higher flow rates resulted in a shorter 
hydraulic retention time, shorter startup periods, and faster approach to a steady-state 
biofilm.  At steady-state, higher flow resulted in lower surfactant removal.  Higher 
influent surfactant/nitrate concentration ratios caused a longer startup period, supported 
more surfactant utilization, and biofilm growth.  Both models correlate to the empirical 
data.  A model assuming constant biofilm density is computationally simpler and easier 
to implement.  Therefore, a suitable anoxic packed bed reactor for the removal of the 
surfactant Geropon TC-42
®
 can be designed by using the estimated kinetic values and a 
model assuming constant biofilm density.  
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NOMENCLATURE 
 
ε Reactor porosity 
 Specific growth rate (1/time) 
max Maximum specific growth rate (1/time) 
γ  Stochiometric coefficient for nitrate utilization 
A Reactor cross-sectional area (area) 
 Af  Biofilm cross-sectional area 
b Decay coefficient 
bS  Biofilm shear loss coefficient 
BSA Bovine Serum Albumin 
Df,N  Nitrate diffusion coefficient in the biofilm (area/time) 
Df,S  Surfactant diffusion coefficient in the biofilm (area/time) 
 fe Portion of e
-
 used for energy 
fs Portion of e
-
 used for synthesis  
GMB Growth Medium Base 
ISS International Space Station 
KS  Half-saturation Constant (mass/volume) 
 KS,N Monod half-saturation constant of nitrate (mass/volume) 
KS,S  Monod half-saturation constant of the surfactant (mass/volume) 
*
,SSK  Dimensionless Monod half-saturation constant of the surfactant 
KS,1 Half-saturation constant for limiting substrate 1 (mass/volume) 
 viii 
KS,2 Half-saturation constant for limiting substrate 2 (mass/volume) 
L  Thickness of the liquid-biofilm interface (length) 
Lf  Thickness of the biofilm (length) 
q Maximum specific substrate utilization rate (mass/(mass)(time)) 
Q  Flow rate (volume/time) 
 rgrowth Rate of biomass formation (mass/(volume)(time)) 
rsubstrate utilizarion Rate of substrate utilization (mass/(volume)(time)) 
rut,N  Nitrate utilization rate (mass/volume time) 
rut,S  Rate of utilization of the surfactant (mass/volume time) 
S Substrate concentration (mass/volume) 
Sb  Substrate concentration in the bulk liquid (mass/volume) 
  Influent nitrate concentration (mass/volume) 
  Influent surfactant concentration (mass/volume) 
*
,NbS  Dimensionless nitrate concentration in the bulk liquid 
*
,SbS  Dimensionless surfactant concentration in the bulk liquid 
 Sb,N  Nitrate concentration in the bulk liquid (mass/volume) 
Sb,S  Surfactant concentration in the bulk liquid (mass/volume) 
 Sf  Substrate concentration in the biofilm (mass/volume) 
Sf,N  Nitrate concentration in the biofilm (mass/volume) 
Sf,S  Surfactant concentration in the biofilm (mass/volume) 
*
,NfS  Dimensionless nitrate concentration in the biofilm 
0
,NbS
0
,SbS
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*
,SfS  Dimensionless surfactant concentration in the biofilm 
Si  Substrate concentration in the liquid-biofilm interface (mass/volume) 
Si,N  Nitrate concentration in the liquid-biofilm interface (mass/volume) 
Si,S  Surfactant concentration in the liquid-biofilm interface (mass/volume) 
*
,NiS  Dimensionless nitrate concentration in the liquid-biofilm interface 
*
,SiS  Dimensionless surfactant concentration in the liquid-biofilm interface 
S0 Initial surfactant concentration (mass/volume) 
S1  Concentration limiting substrate 1 (mass/volume) 
S2 Concentration limiting substrate 2 (mass/volume) 
t Time  
TSS Total Suspended Solids (mass/volume) 
V  Reactor volume (volume) 
Vf  Biofilm volume 
Y Cell yield (mass/mass) 
Xa Active cell mass (mass/volume) 
Xb  Biomass concentration in the bulk liquid (mass/volume) 
*
bX  Dimensionless biomass concentration in the bulk liquid 
Xf  Biofilm density (mass/volume) 
*
fX  Dimensionless biofilm density 
X0 Initial biomass concentrations (mass/volume) 
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CHAPTER I 
INTRODUCTION 
 
PROBLEM STATEMENT 
Humans consume approximately 2.3 L of water and produce approximately 0.2 L 
per day (Silverthorn et al. 2004).  Water is also used for personal hygiene and meal 
preparation.  Under conditions of limited freshwater availability, like during times of 
drought and in some specialized situations, recycling wastewater becomes an important 
consideration (Bubenheim et al. 1997).  In the case of human space habitation, 
wastewater reuse is essential since water is the heaviest of the life support elements.  The 
estimated water use for life support per person is 27 L/day (Philistine 2005).  An 
estimated cost of launching water to low-earth orbit is $22,000/kg, which makes re-
supply costly (Bubenheim et al. 1997).  Furthermore, transporting large amounts of 
water would displace scientific and other payloads (Bubenheim et al. 1997).  Therefore, 
it is necessary to develop a method of water recovery that will provide potable water 
suitable for crew consumption and system use. 
Research has shown that biological water processors (BWPs) can transform 
wastewater’s organic constituents and urinary nitrogen into biologically stable inorganic 
compounds prior to downstream separation processes (Muirhead et al. 2003; Vega et al. 
2004).  Biological treatment processes use microorganisms to break down compounds 
into simple molecules.  This process offers advantages over chemical/physical treatment 
____________ 
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by operating with minimal energy, provide significant mass savings, and are a proven 
Earth-based technologies (Strayer et al. 1999).   Also, biological reactors have an 
inherent advantage over physical/chemical approaches by efficiently providing 
elemental recycling (e.g., carbon, nitrogen, etc.) (Vega et al. 2004). 
Performance of a biological water reclamation system is dependent on the source 
and composition of the influent wastewater.  There are three primary wastewater sources 
aboard a manned spacecraft: humidity condensate, urine, and hygiene water.  Humidity 
condensate is the result of condensation of water from the ambient air.  It is lightly 
contaminated with ammonia and with water-soluble organics.  Urine contains salts, 
excreted organic metabolic by-products, and high concentrations of nitrogen compounds 
(Verstoko et al. 2004).  The main sources of hygiene wastewater are hand washing, 
showering, clothes washing, oral hygiene, eating utensil cleaning, and cookware 
cleaning. This waste stream contains soap, salts, and organics.  Soaps (surfactants) are 
the major chemical constituents of concern.  The hygiene wastewater source constitutes 
the largest waste stream, representing 75 to 95% of the total liquid and solid wastes 
(Bubenheim et al. 1997). Geropon TC-42
®
 is the principal surfactant used in space 
habitation and it has been shown to be phytotoxic to lettuce by Bubenheim et al. (1997) 
at concentrations of 250 mg/L or higher, which resulted in browning of the roots and 
root death.  Little information is available on the effects of Geropon TC-42
®
 ingestion by 
humans. 
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In order to design a biological treatment system for removal of surfactants, the 
biokinetics of surfactant degradation must be well defined (Sharvelle et al. 2007).  
Further, a biological treatment process for space applications needs to be designed with 
consideration for zero or low gravity conditions.  Poor mass transfer of oxygen between 
gas and liquid phases in microgravity is an important consideration in the design of 
bioreactors for use in space (Strayer et al. 1999).  Bacteria that can use soluble nitrate 
instead of oxygen would eliminate oxygen mass transfer problems.  Denitrifying bacteria 
can use soluble nitrate as a terminal electron acceptor (Rittmann and McCarty 2001). 
This research focused on the biodegradation of Geropon TC-42
®
 in NASA Whole Body 
Shower Shampoo by denitrification.  The objectives of the research are: (1) to estimate 
biodegradation rate and microbial growth parameters for Geropon
®
 TC-42 under anoxic 
conditions using nitrate as terminal electron acceptor; (2) to develop a biofilm 
mathematical model assuming constant biofilm density applied to a completely mixed 
packed bed reactor; (3) to develop a biofilm mathematical model using the concept of 
space occupancy applied to a completely mixed packed bed reactor; and (4) compare the 
results of the 2 mathematical models to empirical laboratory data of a  completely mixed 
packed bed reactor.   
BACKGROUND 
Surfactants 
Surfactants are characterized by having both hydrophilic and hydrophobic groups 
and are major ingredients of synthetic detergents used worldwide for both domestic and 
industrial applications (Dhouib et al. 2003).  There are three types of surfactants 
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commonly present in personal cleansing products and detergents; anionic, nonionic, and 
amphoteric.  The surfactant used in this study is an anionic surfactant.  Anionic synthetic 
detergents may be classified into sulfates and sulfonates (Figure 1). 
 
 
R
O
O
O
S O
Na
 
R
O
O
S
O
Na
 
Sulfate Sulfonate 
 
Figure 1. Anionic synthetic detergents classification 
 
 
 
Due to their favorable physiochemical properties, surfactants are extensively 
used in many fields of technology and research (Perales et al. 1999).  After use, large 
quantities of surfactants and their derivatives are released to aquatic and terrestrial 
environments (Hosseini et al. 2007).  The fate of surfactants in biological treatment 
systems is becoming increasingly important as water reuse systems become more 
common and regulations for trace contaminant release by wastewater treatment plants 
are more stringent (Sharvelle et al. 2007). 
 
NASA Whole Body Shower Soap 
Geropon TC-42
®
 is an anionic detergent since it is a sodium salt that ionizes to 
yield Na
+
 and a negative ion.  NASA Whole Body Shower Soap is manufactured by 
Rhodia North American Chemicals and is approximately 60% water and 24% Geropon 
TC-42
®
 (formerly Igepon TC-42
®
).  Geropon TC-42
®
 is a commercially available 
anionic surfactant that is used as a skin and hair care product.  It is a sulfonated amide 
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with the chemical structure shown in Figure 2.  The “R” is a carboxylic chain of eleven 
to seventeen carbons.  The manufacturer reports that it exhibits mild detergency 
properties without scum formation.  The International Nomenclature of Cosmetic 
Ingredients name for Geropon TC-42
®
 is sodium methyl cocoyl taurate.    
 
N
CH3
S
O
O O
R
O
Na
 
Figure 2. Chemical structure of Geropon
®
 TC-42 
 
 
Denitrification in Wastewater Treatment 
The primary goal of wastewater treatment is the removal and degradation of 
organic matter via biological oxidation carried out by microorganisms.  Bacteria that use 
organic carbon as their energy source and cellular carbon source are called heterotrophs 
(Davis and Cornwell 1998; Maier 2000).  In environmental engineering, carbon sources 
are termed the substrate and function as electron donors in the chemical activities 
performed by cells during metabolism (Davis and Cornwell 1998; Maier 2000).  Organic 
carbon tends to be oxidized preferentially with the electron acceptor that supplies the 
most energy to the microorganisms, namely free oxygen.  With an excess of organic 
carbon, aerobic bacteria use dissolved oxygen until it is depleted, whereupon reduction 
of other electron acceptors becomes energetically favorable. Once oxygen is consumed, 
facultative anaerobes use nitrate as an electron acceptor (Rivett et al. 2008).  
 6 
  The type of electron acceptor used for respiration determines the type of 
decomposition used by a mixed culture of microorganism.  Denitrification involves the 
reduction of nitrate via a chain of microbial reduction reactions to nitrogen gas (Knowles 
1982).  The organisms capable of denitrification tend to be ubiquitous in surface water, 
soil, and groundwater (Beauchamp et al. 1989).  The nitrate reduction reaction can be 
written as a half-reaction to illustrate the role of electron transfer in the process 
(Tesoriero et al. 2000): 
OHNeHNO 223 610122 
       (1) 
The end products of denitrification are nitrogen gas, carbon dioxide, water, and 
new cell mass.  Although denitrification has a stable endpoint at nitrogen gas, the 
process can be arrested at any of the intermediate stages. This is important because 
nitrite is significantly more toxic than nitrate ((WHO) 2004) and nitrogen oxides are 
environmentally destructive gases. The other product of the denitrification reaction is the 
oxygen rejected at each step. This is typically released as bicarbonate ions, carbon 
dioxide, or sulphate ions (Rivett et al. 2008). 
Biodegradation Stoichiometry 
Effective reactor design requires that stoichiometric estimates of target 
compounds and limiting nutrients be estimated so that feeds and reactor sizes can be 
approximated. The biodegradation stoichiometry was based on the assumption that an 
average 14 carbon chain represents the undefined functional group “R” (Figure 2).  It 
was also assumed that the sodium salt would dissociate in solution.  Therefore, the 
chemical formula used is C14H29ONCH3C2H4SO3H with formula weight 351 g/mol.   
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Microorganisms obtain energy for growth and maintenance from oxidation-
reduction reactions involving an electron donor and an electron acceptor.  In this study, 
Geropon TC-42
®
 was biodegraded under denitrifying conditions where the electron 
donor is Geropon TC-42
® 
and the electron acceptor is nitrate (NO3
-
).  Bacterial growth 
can be described by a linear combination of two reactions: an energy reaction and a 
synthesis reaction.  The overall reaction can be obtained by multiplying the energy 
reaction by the fraction of electron equivalents (fe) in the energy reaction, multiplying 
the synthesis reaction by the fraction of electron equivalents (fs) in the synthesis reaction 
and summing the results.  Cell maintenance and respiration represent net energy losses.  
The energetics are related to the stoichiometry in the balanced chemical equations. 
Using the protocol described by Rittmann and McCarty (2001), the energy 
reaction for Geropon TC-42
®
 can be expressed as: 
324
17
224
17
260
41
224
17
224
1
5
1
35
1
3423291424
1
NHSHOHCON
HNOHSOHCONCHHC

 
     
(2) 
  
 
Consistent with the energy reaction assuming complete transformation of 
Geropon TC-42
®
, the synthesis reaction for the formation of cells with a chemical 
formula C5H7O2N is 
SHNHOHCONOHC
HNOHSOHCONCHHC
224
1
324
1
221
10
2168
89
27528
1
28
1
328
1
3423291424
1

 
     
(3) 
 
     
To obtain an overall reaction that includes energy generation and synthesis, 
equation 2 is multiplied by fe, equation 3 is multiplied by fs, and they are added.  
According to Rittmann and McCarty (2001), when NO3
-
 is used as an electron acceptor 
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and nitrogen source it can be assumed that fs is 0.55 and fe is 0.45.  Therefore the overall 
reaction is 
2322275
2334232914
0417.00417.05694.06101.00357.0
1.01096.01096.00417.0
SHNHOHCONOHC
NHNOHSOHCONCHHC

 
 
 (4) 
 
Microbial Growth Kinetics 
Microbial growth kinetics are represented as a chemical reaction with known 
stoichiometry and defined kinetic functions  (Rhodes and Stanbury 1997).  The simplest 
equation for microbial growth rate applies to cells that grow at a constant rate per unit 
mass of cells (Bazin 1983).  This constant rate is called the specific growth rate (μ) and 
can be used to mathematically represent the rate of cell generation as a function of the 
concentration of cell mass termed the concentration of active biomass (Xa) by: 
agrowth Xr            (5) 
The effect of the concentration of a growth-limiting nutrient (S) on the specific 
growth rate can be expressed by the Monod equation (Rittmann and McCarty 2001):   
SK
S
S 
 max
         
(6) 
where, max is the maximum specific growth rate (1/time) for the culture, S is the 
substrate concentration (mass/volume), and SK  is the half-saturation constant 
(mass/volume).  Therefore, the rate of biomass growth is:   
 9 
a
S
growth X
SK
S
r

 max
        
(7) 
The rate of growth of cell mass is related to the rate of substrate utilization by the 
cell yield (Y) (Maier 2000).  The cell yield is the total cell mass produced per substrate 
mass consumed (Rittmann and McCarty 2001):    
S
X
r
r
Y a
nutilizatiosubstrate
growth



          
(8) 
The substrate utilization rate can be expressed in terms of the biomass growth rate as: 
growthnutilizatiosubstrate r
Y
r
1
  
        
(9) 
 
when equation 7 and 9 are combined the rate of substrate utilization becomes: 
a
S
nutilizatiosubstrate X
SK
S
Y
r

 max  
1 
       (10) 
Biofilms 
Biofilms are of great interest in biotechnology because they offer advantages 
over suspended cells reactors by facilitating cell/liquid separation, simplifying 
downstream treatment, and reducing the number of unit operations and space needed for 
treatment (Costerton et al. 1994).   A biofilm can be defined as a complex coherent 
structure of cells and cellular products, which either form spontaneously as large, dense 
granules, or grow attached on a solid surface (Nicolella et al. 2000).   
An important characteristic of biofilms, which should be taken into account when 
developing a biofilm model, is that the substrate has to cross the solid/liquid interface 
and be transported through the biofilm to reach the microbial cells. Typically, biofilm 
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models only consider one substrate as the limiting factor for growth and consumption.  A 
single substrate-limiting biofilm for the estimation of substrate utilization in an idealized 
deep biofilm was developed by Williamson and McCarty (1976a; 1976b) and later 
modified to describe deep, shallow, and fully penetrated biofilm by Rittmann and 
McCarty (1978),(1981).  The single substrate-limiting biofilm model has since been used 
and developed into simplified algebraic expression for biofilm kinetics incorporating 
Monod-type substrate utilization and diffusive mass transfer relating bulk-substrate 
concentration and biofilm thickness with steady-state substrate utilization (Fouad and 
Bhargava 2005a; b; Lin and Lee 2006; Suidan and Wang 1985).  The limitation of these 
biofilm models is that they only consider the electron donor as reaction limiting. 
Assuming that a single nutrient substrate limits the growth of biomass is a 
simplistic description of biological growth conditions.  Substrates can be grouped 
according to their physiological function. (Zinn et al. 2004)  Homologous nutrients are 
those that accomplish the same physiological functions during growth (Bader 1978).  
Heterologous nutrients satisfy different physiological requirements (Egli 1995).  Due to 
the complex interaction between different types of nutrient substrates, multiple 
substrates should be assumed to limit biomass growth.  The situation when two 
substrates are rate limiting within a biofilm is called dual limitation and the single-
substrate limiting biofilm models do not apply (Rittmann and Dovantzis 1983).  In 
aerobic and anaerobic growth conditions dual substrate-limitation biofilms, the electron 
donor and the electron acceptor substrates together limit the overall cell growth rate.  
Two theoretical models have been proposed to describe dual limitation of cell growth: 
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the non-interacting model (Belova et al. 1996; Delhomenie and Heitz 2005; Fraleigh and 
Bungay 1986; Kissel et al. 1984; Rittmann and Dovantzis 1983; Sykes 1973; Williamson 
and McCarty 1976b) and the multiplicative (double-Monod) model (Bae and Rittmann 
1996; Borden and Bedient 1986; Howell and Atkinson 1976; Kissel et al. 1984; Lau et 
al. 1984; Molz et al. 1986; Qi and Morgenroth 2005; Sinclair and Ryder 1975).  The 
non-interacting model states that the growth of an organism is limited only by the more 
severely limiting substrate, while the other substrate has no effect on the kinetics (Bae 
and Rittmann 1996).  The multiplicative model assumes that two substrates directly limit 
the overall growth rate if the substrates are present at sub-saturating concentrations (Bae 
and Rittmann 1996).  The limitation effects are multiplicative and can be expressed by: 


















22,
2
11,
1
max
SK
S
SK
S
SS
        (11) 
where, µ is the specific cell growth rate, µmax is the Monod maximum specific growth 
rate, S1 and S2 are the two limiting substrate concentrations, and 1,SK  and 2,SK  are the 
two half-saturation constant. 
Because biofilms are beneficial methods for wastewater treatment in places 
where space is at a premium, they are excellent candidates for wastewater treatment in 
space habitation.  Another important consideration in the design of biofilm reactors for 
space habitation is poor mass transfer of oxygen in microgravity.  Bacteria that can use 
soluble nitrate instead of oxygen would eliminate oxygen mass transfer problems.  One 
important pollutant present in space habitation wastewater is the surfactant Geropon TC-
42
®
 found in NASA Whole Body Shower Soap.  In this study, a biofilm model was 
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developed for the utilization of Geropon TC-42
®
 as the electron donor and nitrate as the 
terminal electron acceptor. 
The surfactant utilization rate is defined by the multiplicative double-Monod 
kinetic model (equation 11).  The surfactant serves as the electron donor and nitrate is 
the electron acceptor. The substrate utilization rate within the biofilm is described by: 
   f
NfNSSfSS
NfSf
Sut X
SKSK
SS
Y
r
,,,,
,,max
,



      (12) 
where, Sutr ,  is the utilization rate of the surfactant (mass/volume time), SfS , is the 
surfactant concentration in the biofilm (mass/volume), NfS ,  is the nitrate concentration 
in the biofilm (mass/volume), SSK ,  is the Monod half-saturation constant of the 
surfactant (mass/volume), NSK ,  is the Monod half-saturation constant of nitrate 
(mass/volume), and fX  is the biofilm density (mass/volume).  The utilization rate for 
the nitrate is directly proportional to the rate of surfactant utilization.  The relationship 
can be described by: 
 SutNut rr ,,            (13) 
 where, γ is the stoichiometric coefficient for nitrate utilization. 
Anoxic Biofilm Reactor 
A bioreactor is a reactor that supports a biologically active environment.  
Organisms growing in bioreactors may be suspended or immobilized.  A biofilm reactor 
is a bioreactor where the biomass exists in an anchored form, either on the surface of an 
inert media or attached to one another. The media could be stationary as in a packed-bed 
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or mobile as in a fluidized bed system.    A packed bed reactor is a reactor that is filled 
with a packing material. The purpose of a packed bed is to improve contact between two 
phases.  Typically, in such reactors, the rate of substrate conversion is limited by the rate 
of transport of substrate into the biofilm (Saravanan and Sreekrishnan 2006).  
An anoxic biofilm process is defined in this study as a column filled with inert 
media and sealed from the atmosphere to maintain a mostly oxygen-free environment.  
Microorganisms become attached to the inert packing media and trapped in void spaces.  
As the substrate passes through the packing material, it is utilized by the attached 
biomass.   
OBJECTIVES 
Three objectives guided the research to understand the biodegradation of 
Geropon TC-42
®
 by denitrification using an anoxic mixed-culture biofilm on inert 
media.  First, a mathematical description for the kinetics of a biofilm on inert non-
absorbing media was derived.  Second, the physical and biokinetic coefficients required 
for a mathematical model for the simulation of the process were determined.    Third, 
two biofilm models were developed.  Fourth, the biofilm models were compared to 
experimental data using a simple experimental system. 
Objective 1. The Monod kinetic parameters describing the biodegradation  of 
Geropon TC-42
® 
by denitrification were measured. 
 Task 1. Estimate the maximum specific growth rate, half-saturation 
  constant and true growth yield by batch extant kinetic experiments. 
Objective 2. Develop a constant density anoxic biofilm on inert media model. 
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 Task 2. Determine basic assumptions, boundary conditions, and initial 
  condition. 
 Task 3. Develop mathematical model based on substrate and biomass 
  material balances. 
Objective 3. Develop an anoxic biofilm on inert media model using the concept 
of space occupancy. 
 Task 4. Determine basic assumptions, boundary conditions, and initial 
  condition. 
 Task 5. Develop mathematical model based on substrate and biomass 
  material balances. 
Objective 4. Compare model results with experimental results. 
 Task 6. Design experimental system  
  Task7.  Conduct continuous flow studies. 
DISSERTATION OVERVIEW 
This dissertation is composed of five chapters.  The content of each chapter is 
summarized below. 
Chapter I introduces the problem description, gives basic background, and states 
objectives of the research. 
Chapter II, “Anionic surfactant biodegradations kinetics by an acclimated mixed 
culture”, provides batch kinetics experiment description and data analysis for the 
determination of cell yield (Y), specific growth rate (µmax), and the half-saturation 
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constant (KS).  Monod biodegradation kinetics in anoxic conditions were used in this 
study. 
Chapter III, “Constant density biofilm model on inert media”, describes the 
material balances used to derive a one-dimensional double substrate-limiting constant 
density biofilm model on inert media using the multiplicative Monod kinetics and a 
solution strategy for a non-steady state biofilm reactor. 
Chapter IV, “Biofilm model on inert media using the concept of space 
occupancy”, describes the concept of space occupancy and the material balances used to 
derive a one-dimensional double substrate-limiting biofilm model on inert media using 
multiplicative Monod kinetics and a solution strategy for a non-steady state biofilm 
reactor. 
Chapter V, “Continuous flow study” is a comparative study on the start-up 
performance of a packed bed reactor.  Simulations were performed with the two 
different biofilm models and compared to experimental data for the biodegradation of 
Geropon TC-42
®
 under anoxic conditions. 
Chapter VI, provides a summary and conclusions of the overall research, 
discusses the importance of this research, and provides suggestions for recommended 
future research. 
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CHAPTER II 
ANIONIC SURFACTANT BIODEGRADATION KINETICS BY AN 
ACCLIMATED MIXED CULTURE 
 
In this chapter, the cell yield (Y), specific growth rate (µmax), and the half-
saturation constant (KS) were estimated for Geropon TC-42
®
 under anoxic conditions.  
The following sections describe the laboratory techniques used and the analytical 
methods employed to estimate the kinetic parameters.   
OVERVIEW 
Surfactants are one of the most common xenobiotics that enter waters systems; 
therefore biokinetic parameters used to design wastewater treatment systems need to be 
well characterized.  An acclimated culture in anoxic batch reactors was used to 
investigate the biodegradation kinetics of Geropon TC-42
®
, the surfactant commonly 
used in space habitation.  Extant kinetic analysis of a mixed microbial culture using 
Geropon TC-42
®
 as sole carbon source was used to determine cell yield (Y), specific 
growth rate (µmax), and the half-saturation constant (KS) for S0/X0 ratios of 4, 12.5, and 
34.5.  To estimate cell yield, linear regression analysis was performed on data obtained 
from three sets of simultaneous batch experiments for three S0/X0 ratios.  The surfactant 
cell yields were 0.28, 052, and 0.49 mg TSS/mg surfactant for S0/X0 ratios of 4, 12.5, 
and 34.5, respectively with non-zero regression intercepts suggesting that cell 
multiplication is not possible at low substrate concentrations.   
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Non-linear least-squares analysis of the integrated equation was used to estimate 
the specific growth rate and the half-saturation constant.  Net specific growth rate 
dependence on substrate concentration was used to gauge inhibitory effects.  The 
surfactant KS values were estimated to be 10, 126, and 6.9 g/L for S0/X0 ratios of 4, 12.5, 
and 34.5, respectively.  The max values were estimated to be 260, 833, and 14.5 g/g-d 
for S0/X0 ratios of 4, 12.5, and 34.5, respectively. The nitrate cell yield was 0.10 mg 
TSS/mg surfactant, the saturation constant was approximately 5 g/L, and the maximum 
growth rate was approximately 1 g/g-d for all S0/X0 ratios.  A self-inhibitory effect of 
Geropon TC-42
®
 was demonstrated in the reduced KS and max values at the highest S0 
treatment.  A suitable wastewater treatment system for human space habitation can be 
designed by using estimated values to determine reactor volume, flow rate, and 
residence time for an anoxic attached culture plug flow reactor.   
INTRODUCTION 
Surfactants are among the most widely disseminated xenobiotics that enter waste 
streams and the aquatic environment (Dhouib et al. 2003).  Biodegradation is the most 
important mechanism for the irreversible removal of chemicals from the aquatic 
environment (Berna et al. 2007).  Most surfactants are reported to be at least partially 
biodegradable (Sharvelle et al. 2007).  Although extensive research exists regarding 
surfactant biodegradation, biokinetic parameters used to design wastewater treatment 
systems have not been well characterized for most surfactants (Sharvelle et al. 2007).  
Geropon TC-42
®
 is the principal surfactant used in space habitation.  Eventhough 
limited information is available on the biodegradation of Geropon TC-42
®
 in aerobic or 
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anaerobic environments, it has been shown to be bioavailable for aerobic degradation 
(Levine et al., 2000b).  As the National Aeronautics and Space Administration (NASA) 
prepares for human exploration of the Moon, Mars, and beyond, re-supplying water from 
Earth will not be economically feasible or practical (Bubenheim et al. 1997).  Therefore, 
it is necessary to design and develop a method to recovering wastewater that will 
provide safe potable water for crew consumption and system use.   
Poor mass transfer of oxygen between gas and liquid phases in microgravity will 
be a challenge in the design of bioreactors for use in space habitats (Strayer et al. 1999).  
Bacteria that can use soluble nitrate instead of oxygen, also known as denitrifying 
bacteria, would eliminate oxygen mass transfer problems.  This research focuses on the 
biodegradation of Geropon TC-42
®
, the surfactant in NASA Whole Body Shower 
Shampoo, as an electron donor and nitrate as an electron acceptor.  The objective of this 
research was to estimate the kinetic parameters of Geropon TC-42
®
 by an anoxic mixed-
culture in order to design and develop a method to recover potable water from 
wastewater.  In this study, microbial growth kinetics were applied to a material balance 
in a batch reactor to determine cell yield (Y), specific growth rate (µmax), and the half-
saturation constant (KS). 
Intrinsic and Extant Data 
Kinetic constants that represent a specific transformation by a stable microbial 
population can be determined from steady-state chemostat culture or batch cultures 
evaluated in time.  Grady et al. (1996) defined a commonly used nomenclature for the 
interpretation of kinetic data results.  Kinetic constants are divided into intrinsic and 
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extant.  Intrinsic data are defined as kinetic constants that express the maximum 
capability of the fastest growing members of the microbial community (Molchanov et al. 
2007).  In a kinetic experiment in which multiple population duplications occur, changes 
in the composition of the microbial community impact intrinsic kinetic data (Grady et al. 
1996).  A short batch experiment can be used to determine extant kinetic constants 
where only limited changes in the protein synthesis and synthesis of new enzymes occur 
before the substrate is depleted making changes in the physiological state minimal 
(Grady et al. 1996).  Using short batch kinetics tests for the determination of the kinetic 
data constants is recommended because they represent the response of the culture 
community at the time of harvest (Chudova et al. 1992; Miyanaga et al. 2007; 
Molchanov et al. 2007).  Steady-state conditions in chemostat or process units at 
treatment facilities are approximated and therefore extant kinetic data can be determined. 
Experimental Techniques for the Estimation of Kinetic Parameters 
Three experimental techniques typically used for the estimation of kinetic 
parameters are initial rate measurements, steady-state chemostat studies, and batch 
studies.  For the initial rate measurement technique, the initial biomass concentration and 
the duration of the batch experiments are chosen so that the substrate concentration can 
be considered constant (Jones and Kelly 1983; Nemati et al. 1998; Nemati and Webb 
1997; Nyavor et al. 1996).  Cell growth rate is measured at various substrate 
concentrations and used to estimate kinetic parameters.  Although this method neglects 
the lag phase in bacterial growth that often occurs following the introductions of cell 
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suspension into an oxidation reactor, lag phase is negligible for acclimated suspensions 
like the ones used in this study (Molchanov et al. 2007).   
In steady-state chemostat studies the accumulation of substrate and biomass is 
zero and the concentration of substrate and biomass in the reactor is constant.  Operating 
the reactor at different dilution rates, the dependency of μ on the steady-state substrate 
concentration can be obtained, and the kinetic constants are derived from the Monod 
equation (equation 6) (Gomez et al. 1996; Ioslovich et al. 2004; Nikolov et al. 2001).  
Besides the typical problems with continuously stirred tank reactors (i.e. voids, non-ideal 
mixing), bacteria tend to alter their kinetic properties due to cell physiological changes 
under the different steady-state conditions (Molchanov et al. 2007). 
In batch culture growth kinetics, cells harvested during the logarithmic growth 
phase are introduced to fresh media with known initial substrate and biomass 
concentrations (Agarry and Solomon 2008; Molchanov et al. 2007; Sahinkaya and Dilek 
2007; Sharvelle et al. 2008; Smith et al. 1998; Song et al. 2008).  The substrate and 
biomass concentrations are measured as a function of time and the data are fit to a 
kinetic model.  If the duration of the batch experiment is sufficient to allow for several 
cell divisions, a change in physiological state is expected to occur (Molchanov et al. 
2007).  The kinetics measured under such conditions are intrinsic rather than that of the 
initial culture.  This problem can be managed by controlling the duration of the batch 
experiment so that multiple population replications do not occur and an extant kinetic 
data set is generated. (Grady et al. 1996). 
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MATERIALS AND METHODS 
Culture Enrichment 
The bacteria used in this research were cultivated by enrichment techniques.  The 
inoculum for these cultures was obtained from the activated sludge basin of the Carter 
Creek Wastewater Treatment Plant, College Station, Texas in April 2008.  To survive 
and compete successfully, most microorganisms are able to meet many of the 
environmental challenges by adjusting their cellular composition with respect to both 
structure and metabolic function (Kovarova-Kovar and Egli 1998).  Therefore, 
denitrifying bacteria are expected to be found in the mixed liquor because denitrification 
is widespread among heterotrophic and autotrophic bacteria, many of which can shift 
between oxygen and nitrogen respiration (Rittmann and McCarty 2001).  All cultures 
were incubated on a 35º C orbital shaker (Lab-Line
®
 Orbit Environ-Shaker).  A batch 
feed-and-draw method was used to grow bacterial enrichments in sterile 500 mL media 
bottles.  Fresh substrate solution was injected into the bottles every two days by first 
allowing suspended microorganisms to settle and withdrawing an equal volume of 
supernatant.  Enrichment cultures were used throughout the research to ensure 
consistency of all batch and model verification tests. 
Denitrifying bacteria were enriched with media containing Geropon TC-42
®
 as 
the sole carbon source (i.e., electron donor) and nitrate at 10% excess as the electron 
acceptor.  The inorganic growth medium base (GMB) contained (per liter of de-ionized 
water) 0.5 g of MgSO4·7H2O, 0.5 g of NH4Cl, 0.5 g of KH2PO4, 0.1 g of CaCl2, and 0.85 
g of NaNO3 (Kniemeyer et al. 1999).  After autoclaving, 2 ml of a trace element (1 liter 
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of distilled water contained 2.1 mg of FeSO4·7H2O, 30 mg of H3BO3, 100 mg of 
MnCl2·4H2O, 190 mg of CoCl2·6H2O, 24 mg of NiCl2·6H2O, 29 mg of CuSO4·5H2O, 
144 mg of ZnSO4·7H2O, 36 mg of NaMoO4·7H2O, and 5.2 g of EDTA, pH 6.5), 1 ml of 
vitamin solution (4 mg of 4-aminobenzoic acid, 2 mg of D-(1)-biotin, 10 mg of nicotinic 
acid, 5 mg of calcium D-(1)-pantothenate, 15 mg of pyridoxin hydrochloride, 4 mg of 
folic acid, and 1 mg of lipoic acid in 100 ml of 10 mM NaH2PO4, pH 7.1), and 50 ml of 
NaHCO3 solution (1 M) were added and the solution was sparged with nitrogen gas 
(Kniemeyer et al. 1999).  All chemicals used in the study are reagent grade chemicals.  
Batch Biokinetic Experiments 
Enriched cell suspension samples were taken for the batch biokinetic 
experiments.  The suspension was centrifuged (RCF = 7500, 10 min) and cells washed 
with a sterile and filtered 0.1 M sodium phosphate buffer solution at pH 6.9 three times 
and then re-suspended in GMB.  Enough Geropon TC-42
®
 stock solution, nitrate stock 
solution and GMB were mixed to achieve an initial surfactant concentration (S0) of 16, 
50 mg-L
-1
 or 130 mg-L
-1
 with 10% excess nitrate by mass following the theoretically 
derived biodegradation reaction. 
2322275
2334232914
0417.00417.05694.06101.00357.0
1.01096.01096.00417.0
SHNHOHCONOHC
NHNOHSOHCONCHHC

 
  (14) 
Triplicate reactors were prepared by transferring 150 mL of the Geropon TC-42
®
 
mixture to each of the sterile 150 mL media bottles with septum caps. In accordance 
with published surfactant biodegradation kinetic research, to initiate biodegradation, 
rinsed concentrated biomass was added to each reactor to achieve initial biomass 
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concentration (X0) of 4 mg-L
-1
 for all reactors yielding S0/X0 ratios of 4, 12.5 or 34.5 
with units mg surfactant-L
-1
 and mg TSS-L
-1
, respectively (Dhouib et al. 2003; Jurado et 
al. 2007; Laspidou and Rittmann 2004a; Sharvelle et al. 2007; Sharvelle et al. 2008).  
Control reactors identical to the experimental reactor with no biomass were run 
simultaneously. Samples were taken from each reactor at designated sampling times and 
filtered through a 0.2-m filter.  Samples were analyzed for Geropon TC-42®, nitrate, 
and biomass concentrations.  Experiments were conducted at 32 °C in an orbital shaker. 
Surfactant Analytical Procedure 
Levine (2000a) has shown that Geropon TC-42
®
 concentration can be 
determined by a direct approach utilizing ion pairing reversed-phase chromatography 
coupled with suppressed conductivity detection.  A Dionex DX-600 ion chromatography 
system equipped with a conductivity cell (DS3) and self-regenerating suppressor 
(Dionex ASRS Ultra 4 mm) was used to determine Geropon TC-42
®
 concentration 
(Levine et al. 2000a).  Separation was achieved on a Dionex IonPac NS1 column (10 
µm, 250 mm×4mm) using a gradient of acetonitrile and 5 mM ammonium hydroxide 
using 25 mM sulfuric acid as a regenerant.  The gradient program used was: 5% 
acetonitrile for the first 5 min followed by a linear increase to 45% over the next 15 min 
and hold at 45% for 10 min.  Flow rate of the mobile phase was kept at 1 ml/min.  The 
suppressor is operated in the external chemical mode using 25 mM sulfuric acid as a 
regenerant at 4 ml-min
-1
.  The dynamic analytical range was from 1 to 25 mg/L.   
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Biomass Analytical Procedure 
Since a direct measurement of biomass concentration is cumbersome, most of the 
published kinetic studies rely on the measurement of an indirect parameter like 
measurement of oxygen uptake rate, measurement of substrate concentrations with time, 
or the change in solution turbidity (Molchanov et al. 2007).  In this study, a relationship 
of total suspended solids (TSS) and protein concentration was developed to determine 
biomass concentration.  TSS was measured according to Standard Method 2540D  
(Eaton et al. 2007).  A bovine serum albumin (BSA) protein assay was used to quantify 
biomass. The protein assay kit is manufactured by Pierce Biotechnology (Rockford, IL).  
Biomass measurements were conducted with a UV-Visible spectrophotometer 
measuring the absorbance of BSA at 750 nm.  The Pierce Biotechnology Protein Assay 
is a procedure for the determination of solubilized protein concentration. It involves a 
reaction of protein with cupric sulfate and tartrate in an alkaline solution, resulting in the 
formation of tetradentate copper-protein complexes, and subsequent measurement at 750 
nm with a spectrophotometer.  The concentration range was 25 to 1500 mg/L
 
of BSA.  
Comparison to a standard curve provides a relative measurement of protein 
concentration that is related to total suspended solids. 
Nitrate Analytical Procedure 
Nitrate concentration was measured using a Dionex-80 system equipped with a 
conductivity cell and self-regenerating suppressor according to EPA Method 300.1 
(Hautman and Munch 1997).  Separation was achieved on a Dionex IonPac AS14A 
column with a dynamic analytical range from 0.1 to 100 mg/L.   
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RESULTS 
Kinetic modeling using the generic Monod equation (equation 6) was applied to 
batch suspended growth kinetic tests  on a range of Geropon TC-42
®
 concentrations (16-
138 mg/L). 
X
SK
S
Ydt
dS
S 
 max

        (15) 
Samples drawn from the reactors at different time intervals were analyzed for 
Geropon TC-42
®
 and nitrate (Figures 3 and 4).  Tests were used to determine biokinetic 
coefficients: cell yield (Y), specific growth rate (µmax), and the half-saturation constant 
(KS).  Control reactor results showed that the removal of Geropon TC-42
®
 via any other 
means than biodegradation was negligible.  As expected, no lag phase occurred in the 
degradation of Geropon TC-42
®
 because cultures had been acclimated (Sahinkaya and 
Dilek 2007).   
 
 
Figure 3. Time course variation of Geropon TC-42
®
.  Data points represent 
experimental data, while smooth curves are the results of fitting the integrated Monod 
equation. 
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Figure 4. Time course variation of  nitrate.  Data point represents experimental data, 
while smooth curves are the results of fitting the integrated Monod equation. 
 
 
 
Further, net specific growth rate dependence on substrate concentration was used 
to gauge any inhibitory effects.  The rate of substrate utilization and microbial growth 
can be slowed by inhibitory compounds.  Substrate utilization slows if the inhibitor 
affects a single enzyme active in that substrate’s utilization.  If the inhibitor affects a 
general cell function, biomass generation could decrease, decreasing substrate 
utilization.  Nevertheless, some inhibitors can increase substrate utilization as the cell 
tries to compensate for the negative effects of the inhibitor. (Rittmann and McCarty 
2001).   
Evaluation of Cell Yield 
 To estimate surfactant and nitrate cell yield (Y), linear regression analysis was 
performed on data obtained from three sets of simultaneous batch experiments for each 
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S0/X0 ratio to fit equation 16.  Linear curves were obtained with R
2
 values ranging from 
0.89 to 0.98 using the following expression for Y: 
S
X
r
r
Y a
nutilizatiosubstrate
growth



  
       (16) 
The surfactant cell yield increased from 0.28 to 0.5 mg TSS/mg surfactant with an 
increase in S0/X0 from 4 to 12.5 and 34.5 (Figure 5).  With an increase in surfactant 
utilization there was a proportional increase in biomass concentration.  For Geropon TC-
42
®
 utilization by enriched activated sludge under anoxic conditions at 32ºC, the 
substrate converted into biomass was larger with the same substrate utilization, but with 
higher initial surfactant concentration (S0).  Further, the regression intercept did not cross 
at zero suggesting that cell multiplication is not possible at low substrate concentrations.  
The data is linear for the 12.5 S0/X0 ratio.  Therefore, slopes were determined for 
different parts of the graph and used for the evaluation of KS and max.    
The nitrate cell yield was 0.10 mgTSS/mgNO3 for the 3 S0/X0 ratios (Figure 6).  
The initial nitrate concentration was approximately the same for all experiments.  The 
substrate converted into biomass did not vary for the three experiments and the 
regression intercept of zero suggests that cell multiplication is not affected by low 
concentrations.   
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Figure 5. Surfactant Cell Yield (a)S0/X0=4 (b) S0/X0=12.5 (c) S0/X0=34.5 
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(c) S0/X0=34.5 
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Figure 6. Nitrate Cell Yield for a. S0/X0=4 b. S0/X0=12.5 c. S0/X0=34.5 
(a) S0/X0=4 
 
(b) S0/X0=12.5  
 
(c) S0/X0=34.5 
 
 
y = 0.10x
R² = 0.91
0
5
10
15
20
25
30
35
0 50 100 150 200 250 300
(X
-X
0
) 
[m
g
/L
]
Nitrate (S0-S) [mg/L]
y = 0.11x
R² = 0.98
0
5
10
15
20
25
30
35
0 50 100 150 200 250 300
(X
-X
0
) 
[m
g
/L
]
Nitrate (S0-S) [mg/L]
y = 0.10x
R² = 0.90
0
5
10
15
20
25
30
35
0 50 100 150 200 250 300
(X
-X
0
) 
[m
g
/L
]
Nitrate (S0-S)[mg/L]
 30 
Evaluation of Specific Growth Rate and Half-Saturation Constant 
A linearized form of the Monod equation can be used to evaluate bacterial 
reaction rates by plotting the inverse rate and substrate concentration.  However, 
application of linear regression to linearized data is not appropriate because the resulting 
transformations of the measurement errors are unknown.  Nonlinear curve-fitting 
methods are more adaptable and can be used to directly compare experimental data to an 
equation or model proposed to describe the process occurring in the experiment.  
(Kumar et al. 2005; Robinson 1985; Smith et al. 1997; Smith et al. 1998). 
Non-linear least-squares analysis of nonlinear equations can provide accurate 
estimates of rate coefficients (Smith et al. 1998).  The integrated Monod equation is 
useful in many applications for evaluating bacterial transformation rate coefficients.  
According to Smith et. al. (1998), the active cell concentration with growth substrate 
utilization can be described by  
 SSYXX aa  00,         (17) 
Equations 15 and 17 can be combined to obtain the integrated Monod equation for 
growth substrate: 
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(18) 
where 
Y
max
is the maximum specific rate of substrate utilization (qmax).  Estimates of the 
parameters and the 95% confidence standard error were determined by trial and error 
using the solver function in a spreadsheet program following the procedure described by 
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Smith et al. (1998).  To define a curve for nonlinear parameter estimation, 8 to 10 data 
points have been shown to be sufficient by Robinson (1985).   A minimum of 9 data 
points were used for the nonlinear analysis in this study to determine the kinetic 
constants.  
The surfactant saturation constant (KS) increased from 10 to 126 g/L with an 
increase in S0/X0 from 4 to 12.5, but decreased to 6.9 g/L for a S0/X0 ratio of 34.5 
(Figure 7 and Table 1).  The maximum growth rate (max) increased from 260 to 833 g/g-
d with an increase from 4 to 12.5, in S0/X0 but decreased from 833 to 14.5 g/g-d with an 
increase in S0/X0 from 12.5 to 34.5 (Figure 7 and Table 1).  Since the data for change in 
biomass concentration and change in substrate concentration form the experiment with 
S0/X0 ratio of 12.5 was not linear, the estimates were also calculated using Y within the 
slope range of the data and were found to be within the reported error range.  The nitrate 
saturation constant was approximately 5 g/L for all S0/X0 ratios (Figure 8 and Table 2).  
The maximum growth rate was approximately 1 g/g-d for all S0/X0 ratios (Figure 8 and 
Table 2).   
 
Table 1. Surfactant maximum growth rate, half-saturation, and maximum specific rate 
of substrate utilization estimates and confidence standard error (S.E.) 
S0/X0 (mg/mg TSS) 4 12.5 34.5 
Kinetic Parameters Estimate S.E. Estimate S.E. Estimate S.E. 
KS (g/L) 10.5 7.2 126 82 6.9 1.1 
μmax (d
-1
) 261 17 834 54 14.5 2.0 
qmax (g/g-d) 966 66 1603 104 29.6 5.0 
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Figure 7. Net specific growth rate dependence on surfactant concentration 
 
 
 
 
Table 2. Nitrate maximum growth rate, half-saturation, and maximum specific rate of 
substrate utilization estimates and confidence standard error (S.E.) 
S0/X0 (mg/mg TSS) 4 12.5 34.5 
Kinetic Parameters Estimate S.E. Estimate S.E. Estimate S.E. 
KS (g/L) 5.4 2.5 5.9 0.5 4.7 1.5 
μmax (d
-1
) 1.1 0.4 1.2 0.1 1.3 0.3 
qmax (g/g-d) 11 4.0 12.3 0.9 13 3.2 
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Figure 8. Net specific growth rate dependence on nitrate concentration 
 
 
Comparison of Experimental Nitrate Utilization and Theoretical Nitrate Demand  
Nitrate utilization was calculated as the amount of nitrate utilized form time zero 
to the end of each time interval.  The theoretical nitrogen demand (ThND) was 
calculated as the stoichiometric amount of nitrate required to completely oxidize the 
surfactant carbon to CO2.  Comparison of the ThND to the observed nitrogen utilization 
reveals the relationship between the degradation mechanism of the surfactant and 
inhibition effects.  At low concentrations (Figure 9) the ThND closely follows the 
observed nitrate demand.  This suggests that at low surfactant to biomass ratios, there is 
little inhibition.  At higher surfactant to biomass ratios (Figures 10 and 11) the ThND is 
higher than the observed nitrate demand.  This suggests that when there is more 
surfactant present, inhibition behavior is indicated or there is a step in the degradation 
pathway of the surfactant that does not utilize nitrate for conversion to CO2.  The 
SO/XO=34.5
SO/XO=12.5
SO/XO=4
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average difference between the ThND and observed nitrate demand at a S0/X0 of 12.5 
was approximately 0.2.  The average difference between the ThND and observed nitrate 
demand at a S0/X0 of 34.5 was approximately 0.4.  Therefore, 2.8 fold increase in S0/X0 
ratio yielded in a 2 fold increase in the average difference between the ThND and 
observed nitrate demand indicating that surfactant self inhibition may be occurring.  At 
the highest surfactant to biomass ratio (S0/X0=34.5), the nitrate demand increases then 
decreases and then increases again (Figure 11).  The discontinuous upward trend 
indicates that nitrate utilization is slowed and then overcome.  Possible factors 
controlling this slowed nitrate use could be mass transport limitations or a limiting step 
in the degradation pathway of the surfactant that does not utilize nitrate for conversion to 
CO2.   
 
 
 
Figure 9. Comparison of experimental nitrate utilization and theoretical nitrate demand 
(Th N Demand) for S0/X0=4 
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Figure 10. Comparison of experimental nitrate utilization and theoretical nitrate demand 
(Th N Demand) for S0/X0=12.5 
 
 
 
 
 
 
Figure 11. Comparison of experimental nitrate utilization and theoretical nitrate demand 
(Th N Demand) for S0/X0=34.5 
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DISCUSSION 
Repeatability of Kinetic Results 
Changes in culture history are largely responsible for the variations observed in 
values of reported Monod kinetic parameters (Grady et al. 1996; Kovarova-Kovar and 
Egli 1998; Molchanov et al. 2007).  Culture conditions will affect the expressed 
enzymatic systems and the cell physiological state.  The specific cell macromolecular 
composition will determine enzyme synthesis rates and functions.  The three kinetic 
experiments were initiated with different initial substrate concentrations and the results 
shown in (Figure 3) reveal standard deviations that are proportional to the concentration 
values.  This indicates that the variance is proportional to the real value which could be 
described as an analytical error.  Considering that it is almost impossible to prepare two 
solutions with an identical biomass concentration, it can be concluded that the kinetic 
experiments can be reproduced.   
Inhibition 
As a simplifying assumption, the degradation of Geropon TC-42
®
 was assumed 
to depend on only one enzyme and therefore any inhibitor would affect the single 
enzyme that is active in substrate utilization.  While this may be an oversimplification, it 
provides an approximation of the case in which degradation kinetics are controlled by 
the slowest enzyme reaction.  How an inhibitor affects growth and substrate utilization 
kinetics can be reflected in the value of the kinetic parameters.  The most common types 
of inhibition were reviewed by Rittman and McCarty (2001) and are: self-inhibition, 
competitive inhibition, and non-competitive inhibition.  In self-inhibition, high 
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concentrations of the substrate slow the enzyme-catalyzed degradation and affect both 
qmax and KS.  In competitive inhibition, a separate inhibitor binds the catalytic site of the 
degradative enzyme excluding substrate binding and the only parameter affected is KS.  
In non-competitive inhibition, a separate inhibitor binds with the degradative enzyme at 
a site different from the reaction site slowing substrate utilization; only affecting the 
parameter qmax.  Self-inhibition characteristics were observed for surfactant kinetics 
because both qmax and KS changed for different S0/X0 (Table 1).  Because Geropon TC-
42
®
 is not a common substrate, its degradation is most probably dependent on only one 
specialized enzyme, and therefore, high surfactant concentrations will slow the enzyme-
catalyzed degradation affecting both qmax and KS.  No inhibition characteristics were 
observed for nitrate kinetics as the parameters did not vary significantly with changes in 
S0/X0 ratios.  Inhibitory effects were observed for surfactant utilization but not for nitrate 
utilization because the degradation of Geropon TC-42
®
 most probably depends on only 
one specialized enzyme and nitrate degradation does not. 
CONCLUSION 
The biodegradation kinetics of Geropon TC-42
®
 by a mixed microbial culture 
was investigated using batch experiments.  The mixed culture produced data which can 
be used in real-scale biodegradation applications.  Estimated kinetic values can be used 
in plug flow, batch or continuously stirred tank reactor mass balances to determine 
design parameters like reactor volume, flow rate, biomass retention time, and residence 
time for anoxic suspended or attached culture.  Surfactant degradation data indicates that 
biomass to surfactant mass ratios should be around 12.5.  Lower ratios will not sustain 
 38 
biomass metabolism and higher ratios will inhibit substrate utilization.  At reactor start-
up, a small initial substrate removal lag phase should be expected due to the steep slope 
observed at low surfactant concentrations in the curver of initial net specific growth rate.   
Special considerations need to be taken into account when designing a 
wastewater treatment system for human space habitation due to low gravity and space 
availability. The system should address poor oxygen mass transfer, footprint restrictions, 
ease of maintenance for astronauts, transport from Earth to final location, and system 
start-up.  A suitable wastewater treatment system can be designed by using estimated 
values to determine reactor volume, flow rate, and residence time for an anoxic attached 
culture plug flow reactor. 
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CHAPTER III 
CONSTANT MICROBIAL DENSITY BIOFILM MODEL ON INERT MEDIA 
 
In this chapter, a mathematical description of the kinetics of an anoxic biofilm on 
inert media that accounts for the dynamic nature of the biofilm is derived using diffusive 
mass transport assumed to follow Fick’s law, and double substrate-limiting 
biodegradation.  The model was constructed from component-models using appropriate 
boundary and initial conditions to define the system.  The anoxic biofilm model was 
developed based on the principles of substrate biodegradation under anoxic conditions.  
The derived system represents a mathematical description for the kinetics of an anoxic 
double substrate-limited biofilm on inert media. 
INTRODUCTION 
Biofilms are dynamic systems where mass transport in and out is coupled with 
microbial growth and death.  Mathematical models have been developed to describe 
biofilms in processes or reactors for a wide range of applications (Rittmann and McCarty 
2001).  Therfore, biofilm reactors for wastewater treatment have become technically as 
well as economically feasible options.  Advances in models to optimize reactor design 
and enhance operational efficiency have been studied by Saravanan and Sreekrishnan 
(2006).  Rittmann et al. (2002) also reported a one-dimensional transient-state, 
multiplespecies biofilm model focusing on the kinetics of growth-related microbial 
products. Multidimensional modeling approaches to investigate the structural 
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heterogeneity of the biofilm have been studied by Alpkvist et al. (2006), Laspidou and 
Rittmann (Laspidou and Rittmann 2004a; b) , and  Laspidou et al. (2005). 
For the design and operation of biofilm systems in wastewater treatment 
processes, models typically assume a constant biofilm thickness where the biofilm 
growth changes are not considered significant (Wanner and Reichert 1996).  However, 
these models do not account for the dynamic nature of the biofilm. Defining the biofilm 
as a layer of microorganisms formed by their attachment on an inert surface, the 
biofilm/liquid interface can be considered as a moving boundary accounting for biofilm 
growth.  Biofilm growth is closely related to microbial growth, which has an auto-
catalytic effect on the substrate dynamics (Lee and Park 2007). In this study, a 
mathematical description for the kinetics of a biofilm on an inert medium that accounts 
for the dynamic nature of the biofilm is developed.  The model incorporates diffusive 
mass transport, double substrate-limiting biodegradation, and biofilm growth.  The 
diffusive mass transport is assumed to follow Fick’s law and to only occur in the 
perpendicular direction to the inert media due to the small dimension of the biofilm.  
Further, even though the density of the biofilm most likely changes as a function of the 
perpendicular distance to the inert media, it is assumed constant on average across the 
depth of the biofilm.   
An anoxic biofilm process is defined in this study as a column filled with inert 
media and sealed from the atmosphere to maintain a mostly oxygen-free environment.  
Microorganisms become attached to the inert packing media and trapped in void spaces.  
As the substrate passes through the packing material, it is utilized by the attached 
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biomass.  The one-dimensional double substrate-limiting constant microbial density 
biofilm model on inert media was applied to the microbial anoxic degradation of 
Geropon TC-42
®
 as the electron donor and nitrate as the terminal electron acceptor. 
MODEL DESCRIPTION 
Assumptions for Biofilm Kinetic Model 
The derivation of the mathematical expressions describing the dual-substrate 
limiting utilizations in the anoxic biofilm is based on the same assumptions made by 
Chang and Rittmann (1987): 
1. The biofilm is homogeneous. 
2. The biofilm density is constant. 
3. Attachment of bacteria from fsuspended biomass is negligible; therefore, an 
increase in biofilm thickness is due to the growth of biofilm. 
4. The biofilm growth does not affect the flow pattern of liquid in the reactor 
because the biofilm volume is negligible with respect to the volume of the inert 
material. 
5. The suspended biomass is kinetically negligible in the liquid phase. 
6. Two substrates are both diffusion and reaction limiting within the biofilm. 
7. Fick’s law governs diffusion in the biofilm. 
8. Biofilm is fully penetrated because growth depends on the concentration of 
surfactant inside the biofilm with boundary condition stating that the 
concentration of surfactant is zero at the wall. 
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Two implications of these assumptions are that a homogeneous biofilm implies 
diffusion is only in the perpendicular direction to the inert media and a constant biofilm 
density requires a dynamic biofilm/liquid phase boundary.   
Time-variant Spatial Distribution of Soluble Components within the Biofilm 
The biofilm model is based on a material balance across the biofilm volume 
where concentration gradients are governed by diffusion following Fick’s second law 
and biologically mediated reactions governed by double Monod kinetics (equation 11).  
The conceptual basis of the biofilm on inert media used in this study is illustrated in 
Figure 12.  Mass transport by diffusion is assumed to be one-dimensional because the 
biofilm is assumed to be thin in the z direction relative to the x and y directions (Grady 
1982).  
 
 
Figure 12. Concentration profile for one substrate in biofilm (adapted from Rittmann 
and McCarty (2001)) 
 
 
The biofilm characteristics depicted (Figure 12) are defined as: Sb is the substrate 
concentration in the bulk liquid, Si is the substrate concentration in the liquid-biofilm 
interface Sf is the substrate concentration in the biofilm, L is the thickness of the liquid-
biofilm interface, and Lf is the thickness of the biofilm. 
[Si] 
[Sb] 
[Sf] 
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Biofilm Diffusion 
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z 
Surface Bulk 
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The governing non-steady-state partial differential equation for surfactant 
utilization in the biofilm is: 
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where SfS ,  is the surfactant concentration in the biofilm (mass/volume), SfD ,  is the 
surfactant diffusion coefficient in the biofilm (area/time), and Sutr ,  is the utilization rate 
of the surfactant described in equation 12  (mass/volume time) with the initial condition, 
0, SfS  at 0t  and fLz 0       (20) 
The boundary condition at the biofilm/attachment-media interface eliminates diffusion 
through the inert attachment-media. 
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A relationship between the mass flux at the biofilm/liquid and the difference between the 
concentrations at the interface and that in the bulk liquid is in accord with Fick’s first 
law as specified in the boundary condition. 
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(22) 
where, SbD ,  is the bulk phase surfactant diffusivity (area/time), L is the boundary layer 
thickness (distance) and SbS ,  is the surfactant concentration in the bulk liquid 
(mass/volume).   
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Within the anoxic biofilm, denitrifying bacterial growth requires nitrate as the 
electron acceptor.  The governing non-steady-state partial differential equation and 
boundary conditions for nitrate utilization in the anoxic biofilm is: 
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where, NfS ,  is the surfactant concentration in the biofilm (mass/volume), NfD ,  is the 
nitrate diffusion coefficient in the biofilm (area/time), and Nutr ,  is the nitrate utilization 
rate described in equation 13 (mass/volume time).  The boundary and initial conditions 
are similar to those for surfactant utilization (equation 19): 
0, NfS  at 0t  and fLz 0       (24) 
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(26) 
where, NbD ,  is the bulk phase surfactant diffusivity (area/time), and NbS ,  is the surfactant 
concentration in the bulk liquid (mass/volume).   
Time-variant Spatial Distribution of Particulates within the Biofilm 
The biomass in the biofilm is dynamic with the potential to increase or decrease 
with time.  However, to satisfy the assumption of constant biofilm density, the biofilm 
volume must increase as the biofilm grows.  Therefore, the thickness of the biofilm 
increases as the volume increases, and the substrate diffuses through a boundary that is 
moving with time.  The moving boundary is the biofilm-liquid interface.  Since the 
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biofilm grows proportional to surfactant and nitrate uptake, at any position inside the 
biofilm, a material balance on biofilm is 
 
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where, dz is the thickens of a differential section of biofilm, b is the decay coefficient, 
and bS is the biofilm shear stress loss coefficient.  The biofilm volume can only grow in 
the z direction because the biofilm can only grow attached to the available inert media.  
Integrating equation 27 over the entire biofilm thickness, 
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yields 
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The initial condition used to solve equation 29 is 
0,ff LL   at  0t          (30) 
Time-variant Distribution of Soluble Components in the Bulk Phase 
The anoxic biofilm simulation used to develop the bulk phase concentration 
profiles was a completely mixed packed bed column reactor having a sufficiently high 
recycle flow rate to achieve the same bulk concentration throughout the length reactor.  
It was also assumed that utilization by suspended biomass was negligible.   
Material balances for both the surfactant and nitrate included influent 
concentrations and diffusion from bulk to biofilm through the biofilm interphase.  The 
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differential expressions for both surfactant (Sb,S) and nitrate (Sb,N)  changes with time are 
expressed in the following equations: 
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with the following initial conditions, 
00, SbS  at  0t          (33) 
00, NbS  at  0t          (34) 
where, Q is the flow rate (volume/time), V is the reactor volume (volume), ε is the 
porosity,   is influent surfactant concentration (mass/volume), A is the reactor cross-
sectional area (area) , Xb is the biomass concentration in the bulk liquid (mass/volume), 
and  is influent nitrate concentration (mass/volume).     
SOLUTION METHODS 
Numerical Methods 
The one-dimensional double substrate-limiting constant microbial density 
biofilm model on inert media consists of two non-linear partial differential equations 
(PDE), one integral differential equation, and two non-linear ordinary differential 
equations (ODE).  The model was solved by first approximating the integral as a 
summation with differential volumes equal to the space grid used to solve the partial 
differential equations.  The system of equations was solved using the “pdepe solver” 
provided in MATLAB software (The MathWorks Inc., Natick, MA).  The “pdepe 
0
,SbS
0
,NbS
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solver” converts partial differential equations into ordinary differential equations using 
second order accurate spatial discretization based on a fixed set of user-specified nodes.  
After discretization, elliptic equations give rise to algebraic equations.  The time 
integration is done with “ode15s” which solves the differential-algebraic equations.  A 
summary of the model can be found in appendix A. 
Determination and Selection of Model Parameters 
Some values of the model parameters were adopted directly from the literature, 
some were calculated from reported relationships, and some were determined by 
laboratory measurements.  Solute diffusivities in water were obtained from tabulations; 
film diffusivities were assumed to be 80% of diffusivities in water (Williamson and 
McCarty 1976a; 1976b).  The shear stress loss coefficient was calculated according to 
Rittman and McCarty (2001) by 
𝑏𝑠 = 0.0842 ×  𝜎 
0.58         (35) 
where 𝜎 is the shear stress and is defined by White (1999) as 
𝜎 =
𝐹𝐷
𝐴
           (36) 
where FD is the drag force for a non spherical particle and A is the biofilm surface area.  
FD is defined by Clark (1996) as 
𝐹𝐷 = 3𝑋𝜋𝜇𝑈𝑑𝑒          (37) 
where X is the shape factor, µ is the absolute viscosity of water, de is the equivalent 
volume diameter, and U is the free-stream velocity defined as 
𝑈 =
𝜀𝑄
𝐴𝑐
           (38) 
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where Q is the flow rate,  is the reactor porosity and Ac is the reactor cross-sectional 
area.  A summary of the model parameters and the values used in this model simulation 
are shown in Table 3. 
 
Table 3. Double substrate-limiting constant microbial density biofilm model parameters. 
Symbol Description Value References 
Kinetic 
qmax Maximum specific utilization 29.6 mg/mg-d Chapter 2 
b Decay rate coefficient 0.079 day
-1
 Alpkvist et al. (2006) 
bs Shear stress loss coefficient 0.0842 ×  𝜎 0.58 (Rittmann et al. 2001)  
KS Substrate saturation coefficient 6.9 mg/cm
3
 Chapter 2 
KNO3 Nitrate saturation coefficient 4.7 mg/cm
3
 Chapter 2 
Stoichiometric 
Y Yield of biomass on substrate 0.5 mg/mg Chapter 2 
Mass transfer 
SbD ,  Substrate bulk-phase diffusivity 0.8 cm
2
/day Velev et al. (2000) 
NbD ,  Nitrate bulk-phase diffusivity 1 cm
2
/day Alpkvist et al. (2006) 
SfD ,  Substrate diffusivity in biofilm  0.64 cm
2
/day Velev et al. (2000) 
NfD ,  Nitrate diffusivity in biofilm  0.8 cm
2
/day Alpkvist et al. (2006) 
L Boundary layer thickness 60 micro m Alpkvist et al. (2006) 
Miscellaneous 
X Particle shape factor   1.08 Clark (1996) 
VR Reactor volume 430 cm
3
 Laboratory data 
 Reactor porosity 0.8 Laboratory data 
Q Influent flow rate Variable  
Ac Reactor cross-sectional area 20.27 cm
3
 Laboratory data 
Af Biofilm surface area 40 cm
3
 Laboratory data 
0
,SbS  Substrate influent concentration  Variable  
0
,NbS  Influent concentration of nitrate Variable  
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MODEL PERFORMANCE EVALUATION 
To understand the performances of the model as conditions change, several 
numerical simulations were performed.  The parameters that have an effect on reactor 
performance can be classified into: biological parameters, mass transport parameters, 
reactor geometry parameters, and operational parameters.  The effects of changes in the 
operational and surfactant mass transport parameters were evaluated because they are the 
easiest to control in laboratory, pilot-scale, and system application situations.   The effect 
of changes on the mass transport parameters were also evaluated due to the proprietary 
nature of the surfactant (Geropon TC-42
®
).  The parameters that where changed in the 
different simulations were: influent surfactant concentration, influent nitrate 
concentration, flow rate, and surfactant diffusion coefficient.  In all simulation studies, 
the following initial conditions were used: the particulates concentration in the biofilm 
(Xf) was 40mg/cm
3
, the initial concentrations of the soluble components (Sb, Nb) in the 
bulk phase were all zero, and the initial biofilm thickness was 10 µm. 
Effects of Flow Rate 
The effect of changes in the influent flow rate on the surfactant effluent 
concentration and biofilm depth propagation were determined by changing the influent 
flow rate between 0.12 and 118 mL/min and maintaining the influent surfactant and 
nitrate concentrations both at 1.5 mg/cm
3
 (Figure 13).  As expected, higher flow rates 
made the dilute-in curve (Figure 13) steeper and caused it to reach a higher peak.  The 
higher flow rate caused higher loadings, which resulted in the lower surfactant removal 
efficiencies and an increase in the time necessary to reduce the effluent substrate 
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concentration to the minimal level except for the highest flow rate (118 mL/min).  At 
0.12, 1.18, and 11.8 mL/min the effluent concentration are predicted to reduce to 0.0167, 
0.168, and 0.022 g/L; but at 118 mL/min the effluent concentration is predicted to reduce 
to 0.015 g/L.  The lower effluent substrate and time necessary to reduce the effluent 
substrate concentration to the minimal level at the higher flow rate could be due to the 
higher mixing effect making substrate more uniformly distributed and readily available 
throughout the reactor volume and therefore the surface of the biofilm. 
Higher flow rates resulted in a shorter hydraulic retention time and shorter 
startup periods (Figure 13).  A shorter hydraulic retention time is expected at high flow 
rates because   retention time is inversely proportional to flow rate.  A shorter startup 
period is due to the increased movement of bacteria and substrate caused by higher flow 
rates.  Since the substrate is more uniformly distributed, the bacteria can encounter 
substrate faster and therefore the biofilm depth can propagate faster.  Propagation of the 
biofilm for different influent flow rates (Figure 14) resulted in the biofilm reaching 
steady state faster at higher flow rates.  Even though biofilm propagated faster at higher 
flow rates, it is not a determining factor in the biofilm steady-state depth since it was 
approximately 0.015 cm for all flow rates (Figure 14). 
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Figure 13. Effect of the influent flow rate (Q) on the surfactant effluent concentration 
 
 
 
 
Figure 14. Effect of the influent flow rate (Q) on the biofilm depth propagation 
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the effluent surfactant concentration, effluent nitrate concentration, and biofilm depth 
propagation was studied by changing the influent surfactant and nitrate concentrations to 
achieve a ratio between 0.001 and 1.0 while keeping the influent flow rate at the 
operational flow rate of the laboratory test apparatus (11.8 mL/min).  The effects on the 
surfactant effluent concentration are shown in Figure 15 for all influent surfactant/nitrate 
concentration ratios.  A clearer view of the lowest two influent surfactant/nitrate 
concentration ratios is shown in Figure 16.  Higher influent surfactant/nitrate 
concentration ratios resulted in longer startup periods because the biofilm would require 
more time to acclimate to the higher concentrations.  The effluent substrate 
concentration minimal level increased proportionally with increases in influent 
surfactant/nitrate concentration ratios.  A tenfold increase in influent surfactant/nitrate 
concentration ratio resulted in a tenfold increase in effluent substrate concentration 
minimal level. 
Higher influent surfactant/nitrate concentration ratio supported more surfactant 
utilization and biofilm growth as shown by the propagation the biofilm for different 
influent concentration ratios.  The effects on the biofilm depth propagation are shown in 
Figure 17 for all influent surfactant/nitrate concentration ratios.   A clearer view of the 
lowest two influent surfactant/nitrate concentration ratios is shown in Figure 18.  At the 
lowest surfactant influent concentration, the biofilm initially reduced in size (Figure 18) 
suggesting that the assumed initial biofilm depth was larger than that supported by the 
available substrate surfactant concentration. 
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 Influent surfactant/nitrate concentration ratio did not significantly affect the 
nitrate effluent curve as shown in Figure 19.  However, the higher influent 
surfactant/nitrate concentration ratio supported more nitrate utilization.  Since the 
effluent concentration of this operational unit is higher than the nitrate maximum 
contaminant level (MCL) in drinking water (45 mg/L) by more an order of ten, further 
water treatment would be needed to achieve drinking water standards.  
 
 
Figure 15. Effect of all influent surfactant/nitrate concentration ratios (g·L-1/ g·L-1) on 
the surfactant effluent concentration 
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Figure 16. Effect of the lowest influent substrate/nitrate concentration ratio (g·L-1/ g·L-1) 
on the surfactant effluent concentration 
 
 
 
 
Figure 17. Effect of all influent substrate/nitrate concentration ratios (g·L-1/ g·L-1) on the 
biofilm depth propagation 
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Figure 18. Effect of the lowest influent substrate/nitrate concentrations ratio (g·L-1/ g·L-1) 
on the biofilm depth propagation 
 
 
 
Figure 19. Effect of the influent substrate/nitrate concentration ratio (g·L-1/ g·L-1) on the 
nitrate effluent concentration 
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Effects of Surfactant Diffusion Coefficient 
The effect of the surfactant diffusion coefficient on the surfactant effluent 
concentration, nitrate effluent concentration, and biofilm depth propagation were 
determined by changing the surfactant diffusion coefficient (0.2, 0.4, 0.6, 0.8 and 1 
cm
2
/day) and keeping the influent flow rate, the influent surfactant concentration, and 
the nitrate surfactant concentration at the laboratory reactor operational values of 11.8 
mL/min, 1.5 g/L, and 1.5 g/L respectively.  The surfactant diffusion coefficient did not 
affect the surfactant or nitrate effluent curve since all the diffusion coefficients predicted 
the same effluent curves.  The surfactant and nitrate effluent curve are shown in Figure 
20 and Figure 21.  Only one curve is visible in each figure because all curves overlap.  
The diffusion coefficient and the liquid film inter-phase layer are so small as compared 
to the biofilm depth, that changes in the coefficient did not affect the value of the 
effluent concentration which has a magnitude much larger than the diffusion coefficient.  
The diffusion coefficient was more important in the biofilm depth propagation since 
mass transfer dictates the available substrate in the biofilm and the magnitude of the 
biofilm is closer to the magnitude of the diffusion coefficient than the effluent 
concentrations (Figure 22).  The propagation of the biofilm for two surfactant diffusion 
coefficients (0.6 and 0.8 cm
2
/day) is shown in Figure 22.  Only two surfactant diffusion 
coefficients are shown in the figure because the curve for 0.2, 0.4, and 0.6 cm
2
/day 
overlapped and the curve for 0.8 and 1 cm
2
/day overlapped.  The propagation of the 
biofilm shows that the biofilm reached steady state faster at lower surfactant diffusion 
coefficients.  Even though biofilm propagated faster at lower surfactant diffusion 
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coefficients, it is not a determining factor in the biofilm steady-state depth since it was 
approximately 0.015 cm for all surfactant diffusion coefficients (Figure 22).   
 
 
Figure 20. Effect of the surfactant diffusion coefficient on the surfactant effluent 
concentration 
 
 
 
 
Figure 21. Effect of the surfactant diffusion coefficient on the nitrate effluent 
concentration 
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Figure 22. Effect of the influent surfactant diffusion coefficient on the biofilm depth 
propagation 
 
 
 
CONCLUSIONS 
Three features were used in the development of the model used in this study: 
simultaneous utilization and molecular diffusion, dual substrate-limiting biofilm, and a 
varying biofilm thickness.  The sensitivity analysis showed that the surfactant diffusion 
coefficient does not affect the performance of the system.  The influent flow rate, 
surfactant concentration, and nitrate concentration were most affected by the 
performance of the system.  Higher flow rates resulted in a shorter hydraulic retention 
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study could be employed for the design of an anoxic biofilm treatment process for the 
removal of the surfactant Geropon TC-42
®
. 
  
 60 
CHAPTER IV 
BIOFILM MODEL ON INERT MEDIA USING THE CONCEPT OF SPACE 
OCCUPANCY 
 
In the previous chapter, biofilm modeling was described by mass transport of 
substrates and microbial conversions assuming a homogeneous microbial density in the 
biofilm. In this chapter, a mathematical description of the kinetics of an anoxic biofilm 
on inert media is derived from component-models using the concept of space occupancy 
to allow changes in the microbial biofilm density.  Appropriate boundary conditions and 
initial conditions were imposed to define the mathematical model system.  The anoxic 
biofilm model was developed based on the principles of substrate biodegradation under 
anoxic conditions.  The derived system represents a mathematical description for the 
kinetics of an anoxic double substrate-limited biofilm on inert media. 
INTRODUCTION 
Biofilm processes are used for potable water and wastewater treatment processes.  
Mathematical models have been developed to facilitate design biofilm treatment 
technologies.  A weakness in the early biofilm models developed was how to describe 
substrate dynamics within biofilms, including substrate mass transport and utilization.  
Models like that developed by Williamson and McCarty (1976b) assumed predefined 
biofilm thickness and homogeneous microbial density in the biofilm.  Biofilm growth is 
closely related to microbial growth, which has an auto-catalytic effect on the substrate 
dynamics (Lee and Park 2007).  Assuming constant density may cause inaccurate model 
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predictions.  In a biofilm, microorganisms are subject to variable conditions depending 
on time and distance from the film surface.  Because the environmental differences 
present in a biofilm create non-homogeneous biofilm growth, particulate movement, 
such as inert residues, should be considered.  Moreover, relocation of the biomass 
including all particulate components such as active microorganisms, inert residues, and 
extracellular polymeric substances (EPS) should be considered as the biomass exceeds a 
certain limit of space availability (Lee and Park 2007). 
In this study, a model was developed that takes into account the non-homogenous 
nature of the biofilm, particulate movement within the biofilm, and biomass attachment 
and detachment.  The model was based on those developed by Wanner and Reichert 
(1996) and Lee and Park  (2007). The model consists of a set of one-dimensional 
material balance equations where the biofilm thickness and the temporal and spatial 
distribution of dissolved (nutrients, electron donors, and electron acceptors) and 
particulate (microbial cells) components in a biofilm are modeled as a function of mass 
transport and bacterial reaction processes.  The primary difference between the present 
model and constant microbial density biofilm model on inert media is that in this study 
dissolved components in the biofilm are not exclusively transported by molecular 
diffusion and that displacement of particulate components is not exclusively a result of 
biofilm volume changes (Costerton et al. 1994; Wanner and Reichert 1996).  The biofilm 
liquid phase volume fraction (porosity) was assumed to vary with time and space 
(Wanner and Reichert 1996; Zhang and Bishop 1994a). 
 62 
An anoxic biofilm process is defined in this study as a column filled with inert 
media and sealed from the atmosphere to maintain a mostly oxygen-free environment.  
Microorganisms become attached to the inert packing media and trapped in void spaces.  
As the substrate passes through the packing material, it is utilized by the attached 
biomass.  The one-dimensional double substrate-limiting biofilm model on inert media 
using the concept of space occupancy was applied to the microbial anoxic degradation of 
Geropon TC-42
®
 as the electron donor and nitrate as the terminal electron acceptor. 
MODEL DESCRIPTION 
The transport processes and the mathematical expressions considered to describe 
the biofilm model are described in this section. 
Concept of Space Occupancy 
Lee and Park (2007) presented a biofilm model using the concept of space 
occupancy (ν) which is defined as the change of local biofilm volume induced by the 
change in unit mass of that component and is considered constant for each component in 
this study: 
i
fl
i
m
V


           (39) 
where i
 
is the space occupancy of component i, im is the mass of component i, and flV
is the local biofilm volume.  A condition that must be met with the definition of space 
occupancy is that none of the concentrations of the components in a mixed-culture 
biofilm system can be varied independent from each other during the biofilm growth 
expressed as 
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where nx is the number of the components considered in the model. 
Time-variant Spatial Distribution of Soluble Components within the Biofilm 
The method to derive soluble and particulate material balance equations for a 
one-dimensional model was adopted from Wanner and Reichert (1996).  The model was 
simplified by considering only a flat biofilm geometry defined with constant biofilm 
surface area (A).  The time-variant spatial distribution of surfactant and nitrate within the 
biofilm can be expressed by the following material balance equation taking into account 
component diffusion and bacterial utilization 
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where ifS ,  is the concentration of a soluble component in the biofilm (mass/volume), 
iSeffD ,,  is the effective diffusivity of the soluble component (area/time), and iSutr ,, is the 
utilization rate of the surfactant (mass/volume time) (Table 4 on p. 67).  The effective 
diffusivity was considered a function of biofilm internal porosity ( 3 ) using the random 
porous cluster described by Zhang and Bishop (1994b) 
3
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D
D
          
(42) 
where iSBD ,,  is the bulk liquid-phase diffusivity of the soluble component (area/time).  
The initial (eq. 38) and boundary (eqns. 39 and 40) conditions used to solve equation 36 
are  
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0, ifS  at 0t  and fLz 0       (43) 
The boundary condition at the biofilm/attachment-media interface expresses that there is 
no diffusion through the inert attachment-media. 
0
,



z
S if
 at fLz   and 0t        (44) 
The boundary condition at the biofilm/liquid interface expresses that the mass flux from 
the bulk liquid to the biofilm/liquid boundary layer must be the same as the flux from the 
biofilm/liquid boundary layer to the biofilm surface. 
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at 0z
    
(45) 
where BLL  is the boundary layer thickness (distance), Lu  is the velocity of the biofilm 
surface movement, and iBS ,  is the bulk concentration of a soluble component 
(mass/volume).  The velocity of the biofilm surface movement is included in equation 40 
because it is necessary for the dynamic modeling of biofilm due to the movement of the 
biofilm surface. 
Time-variant Spatial Distribution of Particulates within the Biofilm 
The active biomass in the biofilm is described as the particulate components 
within the biofilm to distinguish them from soluble compounds within the biofilm. The 
time-variant spatial distribution of heterotrophic biomass, extracellular polymeric 
substances (EPS), and inert components within the biofilm can be expressed by the 
following material balance equation accounting diffusion, advective flux and bacterial 
growth as described by Wanner and Reichert (1996) and Lee and Park (2007). 
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where ifX ,  is the concentration of a soluble component in the biofilm (mass/volume), 
iXeffD ,,  is the effective diffusivity of the soluble component (area/time), fu  is the 
advective velocity of the biofilm solid matrix (distance/time) and iXgrr ,,  
is the growth 
rate of particulate matter in the biofilm (mass/volume time) (Table 4).  The first term 
describes the diffusion of particulates within the biofilm and is included because 
according to Lee and Park (2007) it enhances the stability of the numerical solution.  The 
fourth term describes the net biomass growth.  The second and third terms describe the 
change in particulate concentration within the biofilm due to advective flux.  The 
concept of space occupancy is used to describe the advective flux by assuming that any 
change in local biofilm volume due to bacterial growth is dissipated by the advection in 
the z direction at a rate of fu  and is mathematically expressed by  
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The initial (eq. 43) and boundary (eqns. 44 and 45) conditions used to solve 
equation 41 are  
0, ifX  at 0t  and fLz 0       (48) 
The boundary condition at the biofilm/attachment-media interface expresses that there is 
no diffusion through the inert attachment-media. 
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 at fLz   and 0t        (49) 
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The boundary condition at the biofilm/liquid interface expresses that the mass flux from 
the bulk liquid to the biofilm/liquid boundary layer must be the same as the flux from the 
biofilm/liquid boundary layer to the biofilm surface. 
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(50) 
where  
deu  and atu  
are the attachment and detachment velocities at the biofilm surface 
(distance/time), iatk ,  
is the constant attachment rate coefficient for each particulate 
components (time
-1
); and idek ,  is the biofilm thickness dependent detachment rate 
coefficient for each particulate components (time
-1
).  In this study we use the following 
expression for deu  and atu  
 as defined by Lee and Park (2007) and defined by 
Morgenroth and Wilderer (2000) and Wanner and Reichert (1996). 
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The equation that describes the relationship between the detachment rate 
coefficient and the biofilm thickness is  
2
,, fideide Lck 
          
(53) 
where idec , is the detachment constant. 
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Table 4. Growth rate microbial kinetics for SO model (Lee and Park 2007) 
Component Process rate 
Surfactant 
(SS) 
−
𝟏
𝒀𝑯
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺 + 𝑺𝒇,𝑺  𝑲𝑵 + 𝑺𝒇,𝑵 
𝑿𝒇,𝑯 +  𝟏 − 𝒀𝑰  𝒃𝑯𝑿𝒇,𝑯 
+  𝒃𝑯𝑿𝒇,𝑯  
Nitrate 
(SN) 
−
 𝟏 − 𝒀𝑯 − 𝒀𝑬 
𝒀𝑯
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺 + 𝑺𝒇,𝑺  𝑲𝑵 + 𝑺𝒇,𝑵 
𝑿𝒇,𝑯  
Heterotroph 
(XH) 
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺 + 𝑺𝒇,𝑺  𝑲𝑵 + 𝑺𝒇,𝑵 
𝑿𝒇,𝑯 −  𝒃𝑯𝑿𝒇,𝑯  
Inerts 
(XI) 
𝒀𝑰 𝒃𝑯𝑿𝒇,𝑯  
EPS 
(XE) 
𝒀𝑬
𝒀𝑯
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺 + 𝑺𝒇,𝑺  𝑲𝑵 + 𝑺𝒇,𝑵 
𝑿𝒇,𝑯 +
𝒀𝑬
𝒀𝑯
 𝒃𝑯𝑿𝒇,𝑯 −  𝒃𝑯𝑿𝒇,𝑯  
 
 
 
Time-variant Distribution of Biofilm Depth 
The depth of the biofilm is dependent on the movement of the surface at the 
biofilm/liquid interface.  The surface movement depends on particulate advection, 
detachment, and attachment   
  atdeffL
f
uuLuu
dt
dL
        
(54) 
where fL  is the biofilm thickens, and Lu is the velocity of the biofilm surface,  
Time-variant Soluble and Particulate Components in the Bulk Phase 
A completely mixed biofilm reactor with constant volume was used to simulate 
the dynamic process.  Assuming that surfactant and nitrate utilization in the bulk 
solution is negligible, the following material balance describes the time-variant soluble 
components in the bulk phase 
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where Q is the influent flow rate, 0
,iBS  is the influent concentration of soluble 
component, A is the biofilm surface area, and rV  is the reactor volume. 
Assuming that heterotrophic biomass, EPS, and inert components growth in the 
bulk solution is negligible and that particulate component influent concentration is zero 
the following material balance describes the time-variant particulate components in the 
bulk phase. 
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SOLUTION METHODS 
Numerical Methods 
The one-dimensional double substrate-limiting constant microbial density 
biofilm model on inert media consists of five non-linear partial differential equations 
(PDE), and six non-linear ordinary differential equations (ODE).  The system of 
equations was solved using the “pdepe solver” provided in MATLAB software (The 
MathWorks Inc., Natick, MA).  The “pdepe solver” converts partial differential 
equations into ordinary differential equations using second order accurate spatial 
discretization based on a fixed set of user-specified nodes.  After discretization, elliptic 
equations give rise to algebraic equations.  The time integration is done with “ode15s” 
which solves the differential-algebraic equations.   A summary of the model can be 
found in appendix B. 
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Determination and Selection of Model Parameters 
Some values of the model parameters were adopted directly from the literature, 
and some were determined by laboratory measurements.  A summary of the model 
parameter values (and their sources) used in this study are listed in Table 5.   
 
Table 5. Biofilm model on inert media using the concept of space occupancy model 
parameters 
Symbol Description Value References 
Kinetic 
max  Maximum specific growth rate 4..5 day
-1
 Chapter 2 
bH Heterotroph decay rate coefficient 0.079 day
-1
 Alpkvist et al. (2006) 
bE EPS decay rate coefficient 0.336 day
-1
 Alpkvist et al. (2006) 
KS Substrate saturation coefficient 6.9 mg/cm
3
 Chapter 2 
KNO3 Nitrate saturation coefficient 4.7 mg/cm
3
 Chapter 2 
Stoichiometric 
YH Yield of biomass on substrate 0.5 mg/mg Chapter 2 
YE Yield of EPS on substrate 0.289 mg/mg Alpkvist et al. (2006) 
YI Yield of inert biomass 0.4 mg/mg Alpkvist et al. (2006) 
Mass transfer 
SbD ,  Substrate bulk-phase diffusivity 0.8 cm
2
/day Velev et al. (2000) 
NbD ,  Nitrate bulk-phase diffusivity 1 cm
2
/day Alpkvist et al. (2006) 
SfD ,  Substrate diffusivity in biofilm  0.64 cm
2
/day Velev et al. (2000) 
NfD ,  Nitrate diffusivity in biofilm  0.8 cm
2
/day Alpkvist et al. (2006) 
LBL Boundary layer thickness 60 micro m Alpkvist et al. (2006) 
Deff,X Effective diffusivity for particulate 5×10
-5
 cm
2
/day 
Wanner and Reichert  
(1996) 
Miscellaneous 
VR Reactor volume 430 cm
3
 Laboratory data 
 Reactor porosity 0.8 Laboratory data 
Q Influent flow rate Variable  
Ac Reactor cross-sectional area 20.27 cm
3
 Laboratory data 
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Table 5. continued 
 
Symbol Description Value References 
0
,SbS  Substrate influent concentration  Variable 
0
,SbS  
0
,NbS  Influent concentration of nitrate Variable  
cde Detachment rate constant 10 cm
-1
day
-1
 Lee and Park (2007) 
kat,X Attachment rate coefficient 0.2 cm/day 
Wanner and Reichert  
(1996) 
vSO,H SO of heterotrophs 0.033 cm
3
/mg Lee and Park (2007) 
vSO,I SO of inert biomass 0.0044 cm
3
/mg Lee and Park (2007) 
vSO,E SO of EPS 0.0044 cm
3
/mg Lee and Park (2007) 
 
 
 
MODEL PERFORMANCE EVALUATION 
To gain insight into the performance of the system as conditions are changed, 
several numerical simulations were performed.  The parameters that have an effect on 
reactor performance can be classified accordingly: biological parameters, mass transport 
parameters, reactor geometry parameters, and operational parameters.  Effects on 
changes on the operational parameters were evaluated because they are the easiest to 
control in laboratory, pilot-scale, and system application situations.   The effect of 
changes on the mass transport parameters were also evaluated due to the proprietary 
nature of the surfactant (Geropon TC-42
®
).  The parameters that where changed in the 
different simulations were: influent surfactant concentration, influent nitrate 
concentration, flow rate, and surfactant diffusion coefficient.  In all simulation studies, 
the following initial conditions were imposed: the initial concentrations of the soluble 
components (Sb,i) in the bulk phase were all zero, and the initial biofilm thickness was 10 
µm. 
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Effects of Flow Rate 
The effect of changes in the influent flow rate on the surfactant effluent 
concentration and biofilm depth propagation were determined by changing the influent 
flow rate between 0.12 and 118 mL/min and maintaining the influent surfactant and 
nitrate concentrations at 1.5 g/L (Figure 23).  As expected, higher flow rates resulted in 
the dilute-in curve (Figure 23) being steeper and caused it to reach a higher effluent 
concentration.  The higher flow rate caused higher loadings, which resulted in lower 
surfactant removal efficiencies.  An increase in the flow rate also increased the time 
necessary to reduce the effluent substrate concentration to the minimal level.  At 0.12, 
1.18, 11.8, and 118 mL/min the effluent concentration are predicted to reduce to 0.015, 
0.016, 0.020 and 0.024 g/L, respectively. 
Higher flow rates resulted in a shorter hydraulic retention time and shorter 
startup periods (Figure 23).  A shorter hydraulic retention time is expected at high flow 
rates since   retention time is inversely proportional to flow rate.  A shorter startup period 
is due to the increased movement of bacteria and substrate caused by higher flow rates.  
Since the substrate is more uniformly distributed, the bacteria can encounter substrate 
faster and therefore the biofilm depth can propagate faster.  Propagation of the biofilm 
for different influent flow rates (Figure 24) show that the biofilm reached steady state 
faster at higher flow rates.  Even though biofilm propagated faster at higher flow rates, it 
is not a determining factor in the biofilm steady-state depth since it was approximately 
0.015 cm for all flow rates (Figure 24). 
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Figure 23. Effect of the influent flow rate (Q) on the surfactant effluent concentration 
(SO model) 
 
 
 
 
Figure 24. Effect of the influent flow rate (Q) on the biofilm depth propagation (SO 
model) 
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Effects of Influent Surfactant/Nitrate Concentration Ratio 
The influent substrate is one of the operational parameters that affect the 
substrate loading rate.  The effects of influent surfactant/nitrate concentration ratio on 
the effluent surfactant concentration, effluent nitrate concentration and biofilm depth 
propagation was studied by changing the influent surfactant and nitrate concentrations to 
achieve a ratio between 0.001 and 1.0 while keeping the influent flow rate at the 
operational flow rate of the laboratory test apparatus (11.8 mL/min).  The effects on the 
surfactant effluent concentration are shown in Figure 25 for all influent surfactant/nitrate 
concentration ratios.  A clearer view of the lowest two influent surfactant/nitrate 
concentration ratios is shown in Figure 26.  Higher influent surfactant/nitrate 
concentration ratios resulted in longer startup periods because the biofilm would require 
more time to acclimate to the higher concentrations.  The effluent substrate 
concentration minimal level increased proportionally with increases in influent 
surfactant/nitrate concentration ratios.  A tenfold increase in influent surfactant/nitrate 
concentration ratio resulted in a tenfold increase in effluent substrate concentration 
minimal level. 
Higher influent surfactant/nitrate concentration ratio supported more surfactant 
utilization and biofilm growth as shown by the propagation the biofilm for different 
influent concentration ratios.  The effects on the biofilm depth propagation are shown in 
Figure 27 for all influent surfactant/nitrate concentration ratios.   A clearer view of the 
lowest two influent surfactant/nitrate concentration ratios is shown in Figure 28.  At the 
lowest surfactant influent concentration, the biofilm initially decreased (Figure 28) 
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suggesting that the assumed initial biofilm depth was larger than that supported by the 
available substrate surfactant concentration.   
Influent surfactant/nitrate concentration ratio did not significantly affect the 
nitrate effluent curve in Figure 29.  However, the higher influent surfactant/nitrate 
concentration ratio supported more nitrate utilization.  Since the effluent concentration 
of this operational unit is higher than the nitrate maximum contaminant level (MCL) in 
drinking water (45 mg/L) by more an order of ten, further water treatment would be 
needed to achieve drinking water standards.  
 
 
Figure 25. Effect of all influent substrate/nitrate concentration ratios on the surfactant 
effluent concentration (SO model) 
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Figure 26. Effect of the lowest influent substrate/nitrate concentration ratio on the 
surfactant effluent concentration (SO model) 
 
 
 
 
Figure 27. Effect of all influent substrate/nitrate concentrations ratio on the biofilm 
depth propagation (SO model) 
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Figure 28. Effect of the lowest influent substrate/nitrate concentrations ratio on the 
biofilm depth propagation (SO model) 
 
 
 
Figure 29. Effect of the influent substrate/nitrate concentration ratio on the nitrate 
effluent concentration (SO model) 
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Effects of Surfactant Diffusion Coefficient 
The effect of the surfactant diffusion coefficient on the surfactant effluent 
concentration, nitrate effluent concentration, and biofilm depth propagation were 
determined by changing the surfactant diffusion coefficient (0.2, 0.4, 0.6, 0.8 and 1 
cm2/day) and keeping the influent flow rate, the influent surfactant concentration, and 
the nitrate surfactant concentration at the laboratory reactor operational values of 11.8 
mL/min, 1.5 g/L, and 1.5 g/L respectively.  The surfactant diffusion coefficient did not 
affect the surfactant or nitrate effluent curve since all the diffusion coefficients predicted 
the same effluent curves (Figure 30 and Figure 31).  Only one curve is visible in each 
figure because all curves overlap.  The diffusion coefficient and the liquid film inter-
phase layer are so small as compared to the biofilm depth, that changes in the coefficient 
did not affect the value of the effluent concentration which has a magnitude much larger 
than the diffusion coefficient.  The diffusion coefficient was more important in the 
biofilm depth propagation since mass transfer dictates the available substrate in the 
biofilm.  Further, the magnitude of the biofilm is closer to the magnitude of the diffusion 
coefficient than to the effluent concentrations (Figure 32).  The propagation of the 
biofilm for two surfactant diffusion coefficients (0.6 and 0.8 cm2/day) is shown in 
Figure 32.  Only two surfactant diffusion coefficients are shown in the figure because the 
curve for 0.2, 0.4, and 0.6 cm2/day overlapped and the curve for 0.8 and 1 cm2/day 
overlapped.  The propagation of the biofilm shows that the biofilm reached steady state 
faster at lower surfactant diffusion coefficients.  Even though biofilm propagated faster 
at lower surfactant diffusion coefficients, it is not a determining factor in the biofilm 
 78 
0.0
0.1
0.1
0.2
0.2
0.3
0 5 10 15 20
Ef
fl
u
e
n
t 
Su
rf
ac
ta
n
t 
[g
/L
]
Time [day]
steady-state depth since it was approximately 0.015 cm for both surfactant diffusion 
coefficients (Figure 32). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Effect of the surfactant diffusion coefficient on the surfactant effluent 
concentration (SO model) 
 
 
 
 
Figure 31. Effect of the surfactant diffusion coefficient on the nitrate effluent 
concentration (SO model) 
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Figure 32. Effect of the surfactant diffusion coefficient on the biofilm depth propagation 
(SO model) 
 
 
CONCLUSIONS 
A one-dimensional biofilm model was developed based on the assumption that 
each component has different space occupancy within the biofilm.  The special feature 
used in the development of the model was the concept of space occupancy which 
allowed for a varying biofilm thickness with changes in the biofilm microbial density.  
The sensitivity analysis showed that the surfactant diffusion coefficient do not 
significantly affect the performance of the system.  The influent flow rate, surfactant 
concentration, and nitrate concentration were the factors that most affected the 
performance of the system.  Higher flow rates resulted in a shorter hydraulic retention 
time, shorter startup periods, and faster biofilm steady-state.  Higher flow resulted in the 
lower steady-state surfactant removal.  Higher influent surfactant/nitrate concentration 
ratios gave longer startup period, supported more surfactant utilization, and biofilm 
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growth.  Influent surfactant/nitrate concentration ratio did not affect the nitrate effluent 
curve.  The model presented in this study could be employed for the design of an anoxic 
biofilm treatment process for the removal of the surfactant Geropon TC-42
®
. 
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CHAPTER V 
CONTINUOUS FLOW STUDY 
 
  In this chapter, a comparative study was conducted on the start-up performance 
of a packed bed reactor and biofilm model simulation.  Simulations were performed with 
two different biofilm models and compared to experimental data for the biodegradation 
of Geropon TC-42
®
 under anoxic conditions.  The following sections describe the 
laboratory techniques used, the analytical methods employed to estimate the kinetic 
parameters, and the simulations parameters used. 
INTRODUCTION 
Personal care products have become the center of current environmental research 
(Onesios et al. 2009).  These contaminants are present in the environment from sources 
such as wastewater treatment plant effluent and confined animal feeding operation run-
off (Daughton and Ternes 1999).  Because the effects of these compounds on the 
environment have not been fully characterized, questions have been raised regarding 
chemical persistence, microbial resistance, and adverse effects on aquatic life (Choong et 
al. 2006; Crane et al. 2006).   
Wastewater reuse and recycling addresses the lack of potable water availability 
caused  by increased demand on natural resources due to population increase.  Recycling 
of wastewater is also important in enclosed space environments where water resources 
are limited (Levine et al. 2000b).  The largest wastewater stream anticipated for long 
duration space missions is human hygiene water.  Whole body shampoo and hand 
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cleaner from Ecolabs (840 Highway 13, St. Paul, MN 55118) is currently a primary 
candidate for use in the International Space Station (Garland et al. 2004). It contains 
24% sodium N-methyl-N- "Coconut oil acid" taurate (Geropon TC-42
®
), a sulfonated 
amide surfactant.  
One simple method for recycling human hygiene water is a treatment based on 
the use of biodegradation.  Microbial degradation of the surfactant is a key process in 
this proposed wastewater treatment approach.  Researchers have examined personal care 
products removal by biodegradation in wastewater treatment plants, membrane 
bioreactors, sequencing batch reactors, sand columns, and constructed wetlands (Onesios 
et al. 2009).  Several studies have demonstrated that Geropon TC-42
®
 is rapidly 
degraded by aerobic biological process (Levine et al. 2000b).  Not much research has 
been published on the degradation of Geropon TC-42
®
 under oxygen deprived 
conditions.   
A comparative study was conducted on the start-up performance of a packed bed 
reactor using Geropon TC-42
® 
and nitrate as electron donor and acceptor, respectively.  
Geropon TC-42
®
 was chosen as the substrate because it is the main component of the 
primary candidate soap to be used in space habitats.  Nitrate was chosen as the terminal 
electron acceptor instead of oxygen due to the poor mass transfer of oxygen between gas 
and liquid phases in microgravity.  Simulations were performed with two different 
biofilm models and compared to experimental data for the biodegradation of Geropon 
TC-42
®
 under anoxic conditions. 
 
 83 
MATERIALS AND METHODS 
Test Apparatus and Reactor Configuration 
 A reactor with a working volume of 0.43 L and packing material was supplied 
by Johnson Space Center (JSC).  A schematic diagram of the configuration of the 
systems is illustrated in Figure 33. The reactor was packed with Bio-Bale
TM
, a flexible 
packing material made of thin strips of polyvinyl chloride (PVC) (Figure 34).  Bio-
Bale
TM
 was suggested by engineers at JSC because it has a high surface area per unit 
volume, which maximizes the area on which the microbes can attach and form a biofilm.  
The Bio-Bale
TM
 was packed to attain a porosity of 0.80 with 62.4 grams of dry Bio-
Bale
TM
.   
The system was maintained completely mixed via liquid recirculation.  The 
average recirculation flow rate was approx 2.8mL/min and the influent flow rate of 0.6 
mL/min.  The recycle stream is an important computational and operational factor.  
Assuming that the concentration inside the reactor is homogenous simplifies the material 
balance and the computational procedure.  Operationally, a homogenous concentration 
within the reactor will prevent substrate and biofilm stratification, clogging, and flock 
formation.        
The feed tank was thoroughly cleaned, assembled, and autoclaved before 
substrate and nutrients were added.  The substrate and nutrients were also autoclaved 
before they were transferred into the feed tank.  All the openings were covered with 
aluminum foil before and after autoclaving.  The feed reservoir was designed in such a 
way that the feed solution stayed bacteria-free and in the absence of molecular oxygen.    
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Figure 33. Schematic diagram of the configuration of the systems used for the 
continuous flow study. (a) Wastewater and effluent collection tanks, (b) Pump and pump 
head, (c) Tygon® Food L/S 14, (d) Piping adaptor, (e) 1/4" Clear Rigid PVC Pipe, (f) 
1/4" Tube O.D. Union Tee and Shut-Off Valve, (g) Check valve, (h) Elbow, and (i) Bio-
Bale. 
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Figure 34. Test apparatus and packing material used for the continuous flow study. 
 
 
 
Culture Enrichment 
The bacteria used in this research were cultivated by enrichment techniques.  The 
inoculum for these cultures was obtained from the activated sludge basin of the Carter 
Creek Wastewater Treatment Plant, College Station, Texas in April 2008.  To survive 
and compete successfully, most microorganisms are able to meet many of the 
environmental challenges by adjusting their cellular composition with respect to both 
structure and metabolic function (Kovarova-Kovar and Egli 1998).  Therefore, 
denitrifying bacteria are expected to be found in the mixed liquor because denitrification 
is widespread among heterotrophic and autotrophic bacteria, many of which can shift 
Bio-BaleTM: flexible thin strips of PVC, high 
surface area per unit volume
Test apparatus
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between oxygen and nitrogen respiration (Rittmann and McCarty 2001).  All cultures 
were incubated on a 35º C orbital shaker (Lab-Line
®
 Orbit Environ-Shaker).  A batch 
feed-and-draw method was used to grow bacterial enrichments in sterile 500 mL media 
bottles.  Fresh substrate solution was injected into the bottles every two days by first 
allowing suspended microorganisms to settle and withdrawing an equal volume of 
supernatant.  Enrichment cultures were used throughout the research to ensure 
consistency of all batch and model verification tests. 
Denitrifying bacteria were enriched with media containing Geropon TC-42
®
 as 
the sole carbon source (i.e., electron donor) and nitrate at 10% excess as the electron 
acceptor.  The inorganic growth medium base (GMB) contained (per liter of de-ionized 
water) 0.5 g of MgSO4·7H2O, 0.5 g of NH4Cl, 0.5 g of KH2PO4, 0.1 g of CaCl2, and 0.85 
g of NaNO3 (Kniemeyer et al. 1999).  After autoclaving, 2 ml of a trace element (1 liter 
of distilled water contained 2.1 mg of FeSO4·7H2O, 30 mg of H3BO3, 100 mg of 
MnCl2·4H2O, 190 mg of CoCl2·6H2O, 24 mg of NiCl2·6H2O, 29 mg of CuSO4·5H2O, 
144 mg of ZnSO4·7H2O, 36 mg of NaMoO4·7H2O, and 5.2 g of EDTA, pH 6.5), 1 ml of 
vitamin solution (4 mg of 4-aminobenzoic acid, 2 mg of D-(1)-biotin, 10 mg of nicotinic 
acid, 5 mg of calcium D-(1)-pantothenate, 15 mg of pyridoxin hydrochloride, 4 mg of 
folic acid, and 1 mg of lipoic acid in 100 ml of 10 mM NaH2PO4, pH 7.1), and 50 ml of 
NaHCO3 solution (1 M) were added and the solution was sparged with nitrogen gas 
(Kniemeyer et al. 1999).  All chemicals used in the study are reagent grade chemicals.  
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Seeding and Attachment 
To eliminate substrate degradation by bacteria in the growth media and feed 
tanks, a rigorous sterilization method was used to prepare bacteria-free growth media 
and feed solution.  Autoclave and filter sterilization were basic techniques employed to 
prepare the sterile growth media.  The feed reservoir and tygon tubing for the column 
study were autoclaved before use.  All the inlets on the reservoir were wrapped with 
heavy-duty aluminum foil.  All the glassware, feed containers, sampling syringe, and 
vials were autoclaved for 30 minutes.  Biofilm attachment in packed bed bioreactor 
supplied by NASA was accomplished by adding new sterilized medium every 3 days for 
9 days to the seeded packed bed bioreactor. 
Surfactant Analytical Procedure 
Levine (2000a) has shown that Geropon TC-42
®
 concentration can be 
determined by a direct approach utilizing ion pairing reversed-phase chromatography 
coupled with suppressed conductivity detection.  A Dionex DX-600 ion chromatography 
system equipped with a conductivity cell (DS3) and self-regenerating suppressor 
(Dionex ASRS Ultra 4 mm) was used to determine Geropon TC-42
®
 concentration 
(Levine et al. 2000a).  Separation was achieved on a Dionex IonPac NS1 column (10 
µm, 250 mm×4mm) using a gradient of acetonitrile and 5mM ammonium hydroxide 
using 25mM sulfuric acid as a regenerant.  The gradient program used was: 5% 
acetonitrile for the first 5 min followed by a linear increase to 45% over the next 15 min 
and hold at 45% for 10 min.  Flow rate of the mobile phase was kept at 1 ml/min.  The 
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suppressor is operated in the external chemical mode using 25mM sulfuric acid as a 
regenerant at 4 ml-min
-1
.  The dynamic analytical range was from 1 to 25 mg/L.   
Nitrate Analytical Procedure 
Nitrate concentration was measured using a Dionex-80 system equipped with a 
conductivity cell and self-regenerating suppressor according to EPA Method 300.1 
(Hautman and Munch 1997).  Separation was achieved on a Dionex IonPac AS14A 
column with dynamic analytical range was from 0.1 to 100 mg/L.   
RESULTS AND DISCUSSION 
Simulation Study 
The goal of the simulation study was to compare the results of the double 
substrate-limiting constant microbial density biofilm model (model 1) and the one-
dimensional double substrate-limiting biofilm model on inert media using the concept of 
space occupancy model (model 2).  The parameters used during the simulation are those 
in Table 3 and Table 5.  The influent flow rate, surfactant concentration, and nitrate 
concentration at the laboratory reactor operational values of 0.6 mL/min, 1.5 g/L, and 2 
g/L respectively.   
Comparison of the simulation results shows similar behavior for both models 
with an approximate surfactant removal efficiency of 98% and an approximate effluent 
concentration of 20 mg/L (Figure 35).  The initial dynamic part of the graph shows that 
both models behave very similar.   The main behavioral difference occurs after the initial 
effluent peak and is more evident as the reactors reach steady state.  Simulations also 
show that the rector reaches steady-state at approximately 10 days (Figure 35), before 
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the biofilm which reaches steady-state at approximately 20 days (Figure 36).  Model 2 
predicts a larger biofilm depth (Figure 36) which is the reason why the model 2 predicts 
higher surfactant removal.   This is consistent with the results of surfactant and nitrate 
effluent concentrations (Figure 35 and Figure 37) where model 2 predicts a higher 
removal of both surfactant and nitrate.  Both models predict similar effluents and behave 
similarly because the same material transport and microbial kinetics were used.  Further, 
the same material transport and kinetic parameters are used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Effluent surfactant concentration for comparable simulations using Model 1 
and Model 2 
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Figure 36. Biofilm depth propagation for comparable simulations using Model 1 and 
Model 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37. Effluent nitrate concentration for comparable simulations using Model 1 and 
Model 2 
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Continuous Flow Study 
The goal of the continuous flow study was to evaluate the non-steady-state 
performance of the anoxic biofilm on inert media.  The system was operated with a high 
influent flow rate to recycle flow rate ratio to maintain mixed conditions inside the 
reactor for ten days.  The influent flow rate was 0.6 mL/min with a retention time of 0.5 
days and the recycle rate was 2.8 mL/min.  The substrate and nitrate influent 
concentrations were selected to be 1.5 g/L
 
and 2 g/L
 
respectively, which fall within the 
range from the early planetary base wastewater ersatz used as a prediction of expected 
wastewater streams in space human settlements (Verstoko et al. 2004). 
Comparison of the simulation results and the experimental data show that both 
models predict within the experimental error but model one predicts closer to the data 
points (Figure 38 and Figure 39).  Effluent surfactant data is more closely predicted by 
model 1 before 4 days, but predicted by both models after day 4.  Effluent nitrate 
concentration was most closely predicted by model 1.  The shape of the effluent 
concentration profile correlates to the predicted biofilm depth propagation (Figure 40).  
The effluent concentration begins to drop after one day, which coincides with the growth 
of the biofilm at one day.    
These results suggest that allowing the biofilm microbial density to change does 
not enhance the prediction of the model.  Comparison of model 1 and 2 suggest that 
presuming constant biofilm density is a reasonable assumption.  Model 2 accounts for 
the environmental differences present in a biofilm which create non-homogeneous 
biofilm growth and particulate movement but do not significantly affect the performance 
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of a biofilm from the perspective of wastewater treatment system design.  The main 
parameters that affect the performance of the system are influent flow rate and influent 
substrate concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. Effluent surfactant concentrations comparison of experimental data and 
model simulations  
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Figure 39. Effluent nitrate concentrations comparison of experimental data and model 
simulations  
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. Predicted biofilm depth propagation during experimental period  
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CONCLUSION 
Comparison of the simulation results shows similar behavior for both models 
with an approximate surfactant removal efficiency of 98% and an approximate effluent 
concentration of 20 mg/L.  Simulations also show that the reactor reaches steady-state 
within 10 days, before the biofilm which reaches steady-state at approximately 20 days.  
Model 2 predicts a larger biofilm depth and higher surfactant removal. 
Comparison of the simulation results and the experimental data show that both 
models predict within the experimental error, but model 1 most closely predicts the 
empirical data.  Effluent surfactant and nitrate concentrations were captured by model 1.  
The shape of the effluent concentration profile correlates to the predicted biofilm depth 
propagation.    
These results suggest that the variables that were included in model 2 but not in 
model 1 (microbial density change, inters, and extracellular polymeric substances) do 
not enhance the prediction of the model.  Comparison of model 1 and 2 suggest that 
presuming constant biofilm density is a reasonable assumption.  Model 2 accounts for 
the environmental differences present in a biofilm which create non-homogeneous 
biofilm growth and particulate movement but do not significantly affect the performance 
of a biofilm from the perspective of wastewater treatment system design.  The main 
parameters that affect the performance of the system are the influent flow rate and 
influent substrate concentrations.  Since using a model assuming constant biofilm 
density is computationally simpler and easier to apply, a suitable anoxic packed bed 
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reactor for the removal of the surfactant Geropon TC-42
®
 can be designed by using the 
estimated kinetic values and a model assuming constant biofilm density (model 1).  
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CHAPTER VI 
CONCLUSIONS AND FUTURE WORK 
 
CONCLUSIONS 
There are three major steps in the experimental approach towards a better 
understanding of the mixed-culture biofilm on inert media.  The first step is the 
determination of biokinetic coefficients.  The biodegradation kinetics of Geropon TC-
42
®
 by a mixed microbial culture was investigated using batch experiments.  The mixed 
culture produced data which can be used in real-scale biodegradation applications.  
Estimated kinetic values can be used in plug flow, batch or continuously stirred tank 
reactor mass balances to determine design parameter like reactor volume, flow rate, 
biomass retention time, and residence time for anoxic suspended or attached culture.  
Surfactant degradation data indicates that biomass to surfactant mass ratios should be 
around 12.5.  Lower ratios will not sustain biomass metabolism and higher ratios will 
inhibit substrate utilization.  At reactor start-up, a small initial substrate removal lag 
phase should be expected due to the steep initial net specific growth rate slope observed 
at low surfactant concentrations.   
Special considerations need to be taken into account when designing a 
wastewater treatment system for human space habitation due to low gravity and space 
availability. The system should address poor oxygen mass transfer, footprint restrictions, 
ease of maintenance for astronauts, transport form Earth to final location, and system 
start-up.  A suitable wastewater treatment system can be designed by using estimated 
 97 
values to determine reactor volume, flow rate, and residence time for an anoxic attached 
culture plug flow reactor. 
The second step is to develop a model to describe the concentration profiles and 
evaluate the effect of key parameters using sensitivity analysis.  Two biofilm models 
were developed.  The first model used three features: simultaneous utilization and 
molecular diffusion, dual substrate-limiting biofilm, and a varying biofilm thickness.  
The second model was developed based on the assumption that each component has 
different space occupancy within the biofilm.  The sensitivity analysis showed that the 
surfactant diffusion coefficient does not significantly affect the performance of the 
system regardless of the model used.  The influent flow rate, surfactant concentration, 
and nitrate concentration were the factors that most affected the performance of the 
system.  Higher flow rates resulted in a shorter hydraulic retention time, shorter startup 
periods, and faster biofilm steady-state.  Higher flow resulted in the lower steady-state 
surfactant removal.  Higher influent surfactant/nitrate concentration ratios gave longer 
startup period, sustained more surfactant utilization, and supported biofilm growth.  
Influent surfactant/nitrate concentration ratio did not significantly affect the nitrate 
effluent curve.  The model presented in this study could be employed for the design of 
an anoxic biofilm treatment process for the removal of the surfactant Geropon TC-42
®
.  
The third step is to compare the model simulations to experimental data.  
Comparison of the simulation results shows similar behavior for both models with an 
approximate surfactant removal efficiency of 98% and an approximate effluent 
concentration of 20 mg/L.  Simulations also show that the rector reaches steady-state at 
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approximately 10 days before the biofilm, which reaches steady-state at approximately 
20 days.  Model 2 predicts a larger biofilm depth and higher surfactant removal.  
Comparison of the simulation results and the experimental data show that both models 
predict within the experimental error, but model one most closely predicts the empirical 
data.  Effluent surfactant and nitrate concentrations were capture by model 1.  The shape 
of the effluent concentration profile correlates to the predicted biofilm depth 
propagation.    
These results suggest that the variables that were included in model 2 but not in 
model 1 (microbial density change, inters, and extracellular polymeric substances) do 
not enhance the prediction of the model.  Comparison of model 1 and 2 suggest that 
presuming constant biofilm density is a reasonable assumption.  The main parameters 
that affect the performance of the system are influent flow rate and influent substrate 
concentration.  Since using a model assuming constant biofilm density is 
computationally simpler and easier, a suitable anoxic packed bed reactor for the removal 
of the surfactant Geropon TC-42
®
 can be designed by using the estimated kinetic values 
and a model assuming constant biofilm density.  
FUTURE WORK 
In order to successfully utilize a biological treatment process to recover water in 
a manned space habitat, reactor transportation and start-up needs to be addressed.  
Microorganisms require special preservation methods in order to ensure optimal long-
term viability and genetic stability.  Microbial preservation method can be classified as 
metabolically inactive or metabolically active methods.  Metabolically inactive 
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preservation techniques include cryopreservation and drying.  Metabolically active 
methods include periodic transfer on medium or keeping agar cultures under mineral oil.  
Metabolically inactive preservation techniques are better suited for long term storage and 
transport.  In order to transport a viable wastewater treatment system, microbial 
preservation techniques and their effect on bacterial performance should be studied.  The 
effect of cryopreservation and warming rate on surfactant removal efficiencies should 
also be studied. 
Because the effects of surfactants and endocrine disruptors on the environment 
and human health have not been fully characterized, questions have been raised 
regarding chemical persistence and microbial resistance.  Chemical persistence of these 
compounds is a major concern that needs to be furthered considered when studying 
wastewater reuse and recycling.   
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APPENDIX A 
ONE-DIMENSIONAL DOUBLE SUBSTRATE-LIMITING HOMOGENEOUS 
MICROBIAL DENSITY BIOFILM MODEL ON INERT MEDIA SUMMARY 
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APPENDIX B 
ONE-DIMENSIONAL DOUBLE SUBSTRATE-LIMITING BIOFILM MODEL 
ON INERT MEDIA USING THE CONCEPT OF SPACE OCCUPANCY 
 
Concept of space occupancy 
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𝒓𝒖𝒕,𝑵 = −
 𝟏−𝒀𝑯−𝒀𝑬 
𝒀𝑯
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺+𝑺𝒇,𝑺  𝑲𝑵+𝑺𝒇,𝑵 
𝑿𝒇,𝑯      (77) 
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Time-variant Spatial Distribution of Particulates within the Biofilm 
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Heterotrophs Growth rate 
𝒓𝒈𝒓,𝑯 =  𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
 𝑲𝑺+𝑺𝒇,𝑺  𝑲𝑵+𝑺𝒇,𝑵 
𝑿𝒇,𝑯 −  𝒃𝑯𝑿𝒇,𝑯    
  
(86) 
Inert Growth Rate 
𝒓𝒈𝒓,𝑰 = 𝒀𝑰 𝒃𝑯𝑿𝒇,𝑯        
  
(87) 
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EPS Growth rate 
𝒓𝒈𝒓,𝑬 =
𝒀𝑬
𝒀𝑯
 𝝁𝑯,𝒎𝒂𝒙
𝑺𝒇,𝑺𝑺𝒇,𝑵
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𝑿𝒇,𝑯 +
𝒀𝑬
𝒀𝑯
 𝒃𝑯𝑿𝒇,𝑯 −  𝒃𝑯𝑿𝒇,𝑯 
   
(88) 
Time-variant Distribution of Biofilm Depth 
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Time-variant Soluble and Particulate Components in the Bulk Phase 
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